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►This  report  provides  procedures  for  establishing  seismic  qualili 
cation  test  criteria  for  essential  equipment  in  critical  facilities  and 
presents  guidance  for  interpretation  of  the  test  results. 

Since  equipment  representative  of  that  used  in  the  essential  sys 
terns  of  critical  facilities  was  observed  to  be  closely  related  to  many 
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items  of  tactical  support  equipment  used  at  missile  sites,  existing 
data  from  proof  and  fragility  tests  on  tactical  support  equipment  were 
reviewed  to  analyze  failure  characteristics.  The  failure  data  were  or- 
ganized so  they  could  be  statistically  analyzed  to  provide  estimates  of 
the  probability  of  failure. 

The  major  tasks  in  the  seismic  test  qualification  of  equipment 
are  summarized;  these  tasks  include  test  criteria  formulation,  test 
facility  selection,  test  unit  formulation,  establishment  of  test  quali- 
fication requirements,  and  interpretation  of  test  results.  Test 
criteria  were  developed  by:  (1)  test  axis  selection,  (2)  statement  pf  ^ 
operating  configuration,  (3)  definition  of  expected  failure  modes',  and 
(4)  description  of  the  shock  environment  which  can  be  transformed  into 
a time  history  waveform  to  drive  a shake  table.  Methods" for  developing 
waveform  test  criteria  from  the  output  of  various  types  of  dynamic 
building  analyses  are  presented.  Requirements  for  reporting  and  document- 
ing test  results  are  also  discussed. 
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l INTRO  DU  IT  1 0>N 
luu  kyround 

If  iiitit.il  facilities  such  its  tiro  stations,  communu  a t ions 
venters,  and  hospital'  are  to  provide  post-earthquake  emerqeiu  \ ser 
vices,  both  tho  tun  Itluui  structures  and  the  utility  and  lifeline  sys 
terns  (essential  equipment)  which  support  functions  most  needed  after 
the  earthquake  must  survive.  Because  the  1971  San  Fernando  earthquake 
not  onlv  caused  severe  damage  to  the  structure  of  the  critical  tumid 
inys  but  also  to  the  essential  equipment  in  each  building,  increased 
attention  lias  been  focused  on  earthquake-res  is  taut  design  of  equipment 
essential  to  providing  post-earthquake  emergency  services.  Io  date, 
this  attention  has  been  directed  primarily  toward  hospital  buildings 
and  their  associated  essential  equipment. 

Assuming  that  a structure  will  survive,  the  major  problem  is  to 
assure  t fit'  functional  integrity  of  all  systems,  subsystems,  equipment, 
and  components  needed  to  support  the  essential  functions,  lable  1 
lists  the  essential  systems  and  equipment  representative  of  hospitals 
Requiring  that  all  these  systems  and  equipment  items  undergo  seismw 
gual i t icat ion  testing  is  presently  too  costly  and  otherwise  > 'racti 
cal.  However,  tests  have  been  made  to  assess  the  hardness  of  related 
off-the-shelf  equipment  of  tactical  support  equipment  at  missile  site-.. 
In  fact,  the  major  contributions  to  the  state  ot  the  art  ot  testing 
equipment  within  buildings  have  resulted  from  the  develop  ent  of 
missile  site  and  nuclear  power  plant  facilities. 

' 1.  E.  Batchelder  et  al..  Hardness  Program  Plan  for  sAHiTUARO  ground 
Facilities,  Volumes  1 and  <?,  HNDPSP-73-  153-ED-R  (U.S.  Army  dorps 
of  Engineers,  Huntsville  Division,  S February  l'>74). 


The  tost  results  ..  \> ! v zed  tor  this  report  wore  obtained  t>  ' equip- 
ment tested  for  use  at  missile  sites.  Derivations  for  test  criteria 
were  taken  primarily  from  nuclear  facility  literature,  buildings  m 
both  categories  nave  ijenorally  been  treated  as  elastic  structures , with 
the  difference  homo  in  the  dot  ini  t ion  of  the  shock  env  i ronment . he 
assumption  of  structural  elasticity  considerably  simplifies  t tic  ask 
of  generating  equipment  test  criteria,  and  the  required  iothod  is 
mostly  i nt  erchanqeabl  e . However,  other  critical  facilities,  sue  as 
hospitals,  are  purposely  designed  to  behave  inelas  t i ca  1 ly  l.o'in  j strong 
ground  motions.  At  present,  experience  in  develop  inn  test  criteria  tor 
equipment  in  inelastic  structures  is  limited. 

Rigorous  theoretical  and  analytical  procedure's  for  uenerat  iiui  test 
criteria  for  equipment  in  inelastic  structures  can  be  derived,  but 
these  procedures  are  relatively  costly  and  are  presently  restricted  to 
academic  studies.  The  qeneral  lack  of  buildiny  floor  response'  data, 
in  particular  for  structural  motion  in  the  inelastic  range,  dm  tates 
that  conservative  approximat ions  be  made  in  establishing  test  criteria 
for  t'cju  i pmen  t . 


Purpose 

The  purpose  of  this  study  is  (1)  to  formulate  procedures  tot  es 
tablishinq  test  criteria  tor  seismic  qual i f icat ion  of  essential  equip- 
ment in  critical  facilities  (includinq  those  designed  to  benave  m 
elastically)  by  proof  testinq  and  fragility  testing,  and  (.')  tc-  provide 
guidance  for  interpretation  of  test  results. 

Approach 

In  the  first  phase  of  the  study,  the  results  of  the  s-UlG'JARP 
tactical  support  equipment  ySG  T St ) program  were  reviewed,  siiue  the 
equipment  tested  in  the  SG'TSf  program  was  similar  to  tne  es.ential 
equipment  of  interest.  The  appendix  lists  the  test  units,  significant 
test  information,  and  results.  However,  since  tin'  shock  environment 


c) 


was  not  the  saint*  as  that  expected  from  an  earthquake,  the  bG/ T b L re- 
sults were  viewed  qualitatively  rather  than  quantitatively. 

Applicable  information  from  the  SG/TSE  program  was  then  used  to 
establish  a rationale  tor  the  interpretation  of  failure  data  from 
testing.  Chapter  ? discusses  this  second  phase,  which  involved  demon- 
strating how  the  raw  failure'  data  can  tie  rendered  amenable  to  some 
practical  method  of  analysis. 

The  third  phase  was  devoted  to  identifying  the  major  tasks  in  the* 
seismic  qualification  procedure.  These  tasks  are  also  discussed  in 
Chapter  2.  7 

These  three  phases  provided  the  framework  of  problem  definition  and 
test  result  interpretation  used  to  develop  recommended  standard  defini- 
tions (Chapter  3)  in  the  final  phase  of  the  study.  This  final  phase 
also  involved  developing  (1)  the  method  for  establishing  test  criteria 
based  on  a review  of  existing  literature  on  the  subject  (Chapter  4),  and 
{2)  the  requirements  fur  documenting  results  (Chapter  5). 

Scope 

Three  methods  can  be  used  to  qualify  essential  equipment  for  in- 
stallation in  critical  facilities:  (1)  mathematical  analysis,  (J)  test- 
ing, and  ( 3 ) a combination  of  testing  and  analysis.  This  study  ad- 
dresses only  qualification  by  testing,  but  the  procedures  are  also 
applicable  when  analysis  is  used  with  testing.  Although  the  earthquake 
shock  environment  is  of  primary  concern,  the  procedures  can  be  applied 
to  any  form  of  shock  environment,  such  as  nuclear  blast,  and  to  essen- 
tial equipment  in  critical  Army  facilities.  It  is  assumed  that  a 
dynamic  analysis  of  the  critical  facility  has  been  performed  and  the 
results  of  the  building  analysis  are  available,  including  the  building's 

Structural  Analysis  and  Design  of  Nuclear  Plant  facilities.  Draft 
Trial  Use  and  Comment  (Committee  on  Nuclear  Structures  and  Materials 
of  the  Structural  Division  of  the  American  Society  of  Civil  Engineers 
[ASCE],  1976);  C.  W.  Roberts  and  G.  D.  Shipway,  "Seismic  Qualifica- 
t i on — Ph i losophy  and  Methods,"  Journal  of  the  Power  Division,  ASCI 
(January  1976). 
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natural  frequencies,  mode  shapes,  participation  factors,  and  design 
spectrum  or  floor  motion  time  histories.  It  is  also  assumed  that  a 
dynamic  analysis  of  the  equipment  has  not  been  performed,  and  there- 
fore these  same  properties  for  the  equipment  are  unknown.  Information 
about  the  equipment  is  assumed  to  be  limited  to  basic  physical 
properties  (i.e.,  weight,  dimensions,  mountinq  conditions,  etc.)  and 
sufficient  data  to  estimate  a damping  ratio.  Finally,  it  is  assumed 
that  the  equipment  can  be  adequately  represented  by  the  response  of  a 
single-degree-of-freedom  linear  system. 

Mode  of  Technology  Transfer 

The  results  of  this  study  will  be  incorporated  into  a new  technical 
manual  in  the  TM  5-809  series.  The  study  will  also  impact  on  Ml L- STD-83 1 , 
Preparation  of  Test  Reports  (28  August  1963). 


2 SMSMK.  UST  QUAL  1 1 ICAI  ION  PROCESS 

Re'view  anil  Analysis  ot  the  SG/TSI 
les 1 Resu 1 Is 

The  appendix  lists  pertinent,  test  information  and  failure  data  for 
the  SG/TSI  program.  Comparison  ot  the  typical  equipment  needed  to 
support  lilt'  nine  essential  systems  identified  for  hospitals  (Table  I) 
with  the  equipment  listed  in  the  appendix  emphasizes  the  direct  rela- 
tionship between  the  I SI  and  essential  equipment  of  concern  in  this 
study. 

The  major  difference  between  the  TSE  test  program  and  a suitable 
program  for  essential  equipment  is  the  frequency  content  ot  the  ex- 
pected shock  environment.  The  TSL  program  was  designed  to  assess 
equipment  hardness  against  nuclear  blasts,  while  earthquake  shock  con- 
ditions will  prevail  for  essential  equipment  of  concern  in  this  study, 
liqure  1 shows  a composite  envelope  of  many  floor  shock  response  spectra 
actually  used  in  the  SG/TSI  program.  Also  shown  is  a typical  ground 
shock  response  spectrum,  normalized  to  a peak  acceleration  of  1.0  g, 
which  could  be  used  to  develop  floor  spectra  at  specific  locations 
within  a building.  The  figure  shows  that  the  frequency  content  ot  the 
ground  spectrum  is  generally  lower  than  that  for  the  TSL  floor  spectra 
envelope.  This  difference  renders  the  1ST  shock  environment  more 
severe  at  frequencies  above  4.0  Hz  and  less  severe  below  4.0  Hz.  there- 
fore, the  TSl  test  results  are  not  applicable  to  the  essential  equip- 
ment of  critical  facilities.  The  TSL  testing  experience  is  still 
valuable,  however,  in  generalizing  conclusions  which  will  be  helpful 
as  guidance  in  future  test  projects  for  essential  equipment. 

The  failure  data  from  the  SG/TSI  are  interpreted  in  the  appendix. 

The  majority  ot  these1  tests  were1  proof  tests,  the1  simplest  type1  ot 
fragility  testing.  Proof  tests  subject  the  unit  te>  a te>w  (e.g.,  tour 
or  six)  te'st  le've'ls  o t increasing  severity  until  t tie1  full  expenteel  e>n 
vironmental  te'st  le'vel  is  reached.  A class  of  electrical  equipment 
(motor  control  centers)  was  submitted  to  partial  fragility  testing,  in 
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which  an  average  of  11  tests  was  held  in  each  of  three  orthogonal  direc- 
tions for  each  test  unit.  Only  one  class  of  equipment  (relays)  was 
submitted  to  full  fragility  testing. 

Analysis  of  the  TSE  failure  data  shows  that  failures  could  usually 
be  identified  by  two  properties:  (1)  functional  performance,  and  (2) 
expected  consistency  (see  Figure  2).  Functional  performance  failure 
could  be  further  classified  as  qualifying  or  lingering,  depending  on  the 
significance  of  the  failure  in  causing  functional  downtime.  Expected 
consistency  failure  could  be  classified  as  consistent  or  independent, 
according  to  the  predictability  of  the  failure  at  a given  test  level. 
Therefore,  based  on  the  TSE  failure  information,  these  failure  classifica- 
tions are  recommended  for  use  in  analyzing  test  results.  Formal  defini- 
tions are  suggested  in  Chapter  3. 

The  appendix  shows  the  typical  failure  modes  observed  in  the  TSE 
test  results.  Generally,  the  same  types  of  failures  may  be  expected 
from  testing  essential  equipment,  even  though  the  frequency  content  of 
earthquake  ground  motion  is  lower  than  that  of  the  TSE  nuclear  blast 
environment.  The  list  of  expected  failures  should  be  useful  to  equip- 
ment designers  and  test  engineers  in  future  hardness  assessment  and 
assurance  projects. 

I den  t i ficati on  of  Ha jo r Ta s ks 

Figure  3 is  a flow  chart  of  five  basic  tasks  to  be  considered  suc- 
cessively during  the  test  qualification  procedure: 

1.  Formulation  of  test  criteria 

2.  Selection  of  test  facilities 

3.  Formulation  of  test  units 

4.  Establishment  of  test  qualification  requirements 

5.  Interpretation  of  test  results. 

Test  Criteria  Formulation 

Four  primary  subtasks  are  required  to  establish  test  criteria: 


Si'  I i'i  t l on  of  1 1".  t .1  vi 


/.  Statement  ot  required  operation  conditions  durinq  tcstuiq 

>.  definition  ot  what  constitutes  failure  of  t lit'  equipment 

4.  Detemunat  ion  ot  tho  information  required  to  in’noi'ato  a time 
history  wavotorm  tor  drivinq  a shako  tab  I o . 

Selection  ot  tost  avos  tor  a particular  i tom  ot  onuipnont  depends 
on  tho  location  and  orientation  ot  tho  equipment.  Simile  or  multiple 
avis  tests  mav  ho  necessary.  It  many  identical  items  are  located 
throuqhout  a hutldino  and  mount  urn  standards  do  not  restrict  orienta- 
tion, testi no  in  simultaneous  axes  may  he  warranted.  On  the  other 
hand,  an  item  which  is  mounted  at  a spin  i tic  location  in  a specific 
orientation  should  ho  tested  in  that  conf iqurat ion . 1 ho  possibility  ot 

s i cjn  i t i can  t coup  liny  etfocts  (i.e.,  motion  m one  direction  evcitinu 
oipiipmont  response  in  a different  direction)  must  also  he  considered  in 
specityinc)  simile-  or  multiple-avis  testiim.’  Ret'eronces  disciissimi 
coup li mi  ottects  and  the  selection  of  test  avos  are  available." 

I ho  equipment  should  be  tested  in  the  condition  in  which  it  is 
expected  to  he  opera  tiny  durum  an  earthquake,  for  evample,  sum1  an 
air  condi  t i on  i mi  unit  may  normally  he  opera  tinq  when  an  earthc|uake  occurs, 
it  should  be  tested  in  its  normal  runninq  condition.  However,  an 
etnerqency  qenorator  may  he  in  its  functional  condition  tcir  only  >0 
minutes  per  yveek.  Thus  it  may  he  sate'  to  assume  tnut  the  uonerutot  is 
normally  shut  down  duritm  an  earthquake.  It  can  therefore  he  tested  in 
the  shut-down  condition  and  then  started  tollowiim  the'  tost  to  evaluate 

1 structural  Analysis  and  Pesiijn  ot  Nuclear  riant  facilities,  Pratt 
Trial  Use  and  Comment  (t'oiiniii  1 1 eo  on  Nucli'ar  Struc  tures  and  Materials 
ot  ttie  Struc  tural  division  ot  AScl  , 1976). 

' Ull  Recommended  Practices  te'r  Seismic  Qua  It  t ic  at  ion  ot  l lass  II 
I cju  i pnit'ii  t tor  Nucli'ar  Power  (Tone  rat  iiiej  Stations,  11(1  .144  ll|,h 
(institute  of  llectricul  and  I lectronics  Imiineers  |llll  1,  ll)  :»). 
Skreiner  k.  M.  , et  al.,  "New  Seismic  Requirements  tor  '.'lass  1 
Mectrical  Lquipment,"  1111  Transac  t ions , Paper  1 '4  04d  S (lilt. 

14  November  1974). 
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its  functional  integrity,  fins  portion  of  tin*  tost  criteria  must  ho 
developed  on  a case-by-case  basis  and  is  beyond  the  scope  of  this 
report . 

Detailed  information  must  be  used  to  define  what  constitutes 
failure  of  tin*  test  unit  in  general  and  the  components  ot  equipment  in 
particular.  The  detrimental  effects  ot  failure  on  interfacinq  equipment 
must  also  In'  determined.  It  is  often  found,  tor  example,  that  a relay 
will  chatter  or  trip  under  the  test  environment.  Ihe  unit  itselt  could 
be  rendered  functional  simply  by  resettinq  the  relay  or  elimination  the 
severe  shock  environment.  However,  this  type  of  failure  often  cause's 
interfacinq  systems  to  fail  immediately  because  electrical  control  is 
lost.  Merely  resettinq  the'  relay  or  eliminatinq  the  shock  may  not 
return  the  interfacinq  equipment  to  its  functional  state'.  Hence,  such 
a relay  failure  would  constitute  functional  failure  of  the  interfacinq 
equipment.  Aqnin,  such  test  criteria  must  be  determined  on  a case-by- 
case  basis  and  cannot  be  addressed  in  this  report. 

One  practical  problem  that  arises  when  attempt inq  to  establish  te’st 
criteria  for  equipment  qual  i t icat ion  is  the'  selection  ot  the  waveform 
for  simulatinq  the  earthquake  environment  the  equipment  may  experience. 

Assuminq  that  the  earthquake  environment  is  qiven  in  the  form  ot  a 
response  spectrum,  it  is  important  to  recoqnize  that  the  response 
spectrum  does  not  specify  either  the  duration  of  the  environment  or  its 
exact  waveform.  Therefore,  additional  criteria  concern inq  the  desirable 
characteristics  ot  the  waveform  are  needed.  Roberts  and  Shipway'  pro 
vide  an  excellent  summary  of  waveform  requirements: 

There  are  two  qeneral  types  of  waveforms,  as  shown  in 
Fiqure  L 4 | . The  characteristic  of  simile  frequency  wave- 
forms is  that  each  frequency  in  the  spectrum  is  applied  to 
the  device  individually.  The  characteristic  ot  multiple 

frequency  waveforms  is  that  several  frequencies  in  the  ✓ 

spectrum  are  applied  to  the  device  simultaneously,  or  al- 
most simultaneously.  Table  | ,' ) summarizes  the  waveforms 
best  suited  for  the  various  test  appl icat ions . 

r C.  W.  Roberts  and  tl.  D.  Shipway,  "Seismic  Qual  i f icat  i on — Phi  losophy 
and  Methods,"  Journal  of  the  Power  Division,  ASi't  (January  lo'e). 
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The  sine  beat  or  decaying  sine  waveform  should  be  utilized 
for  proof  tests  where  the  required  shock  response  spectrum  is 
narrow  band,  i .e.  , the  entire  spectrum  can  be  enveloped  by  a 
single  sine  beat  or  a single  decaying  sine  waveform.  A multiple 
frequency  waveform  (synthesized  tine  history,  random,  or  complex) 
should  be  utilized  for  proof  testing  in  cases  where  the  re- 
quired shock  response  spectrum  is  broad  band.  There  may  be 
hybrid  situations  partway  between  a narrow  band  spectrum  arid  a 
broad  band  spei  truia  which  require  some  composite  of  a single 
frequency  waveform  and  a multiple  frequency  waveform  (e.g  . a 
sine  beat  superimposed  on  random).  In  any  case,  the  major  cri- 
terion to  keep  in  mind  in  selecting  the  waveform  for  proof  test- 
ing is  that  the  wavefori  should  be  as  close  a simulation  of  the 
actual  environment  as  is  practical. 

Additionally,  no  matter  which  waveform  is  used,  the  actual 
motion  created  at  the  test  table  should  be  analyzed  and  a test 
response  spectrum  produced  (Figure  [ 5 J ) . This  spectrum  should 
then  be  compared  to  the  required  response  spectrum  in  order  to 
verify  that  the  test  motion  has  adequately  enveloped  the  required 
qualification  environment.  Either  single  frequency  or  multiple 
frequency  tests  may  be  required,  or  both.  Single  frequency 
tests  usually  are  specified  as  either  steady-state  sinusoidal 
or  sine  beat  tests.  This  type  of  testing  should  be  required  if 
the  floor  excitation  is  expected  to  contain  relatively  strong 
sinusoidal  motions  at  discrete  frequencies.  Multiple  frequency 
tests  are  generally  more  appropriate  if  discrete  frequencies 
cannot  be  identified  in  the  floor  motion. 

Random  motion  or  complex  waveforms  whould  be  specified  when  multiple- 
frequency  tests  are  required.  For  either  single-  or  multiple-frequency 
testing,  a shaped  spectrum  can  be  used  to  define  the  frequency  content 
and  amplitude  of  the  environment.  It  is  recommended  that  the  term  "test 
level"  (see  Chapter  3)  be  used  when  referring  to  the  shaped  spectrum 
required  for  specifying  the  waveform  test  criteria.  For  a more  complete 
discussion,  see  Chapter  4. 


Only  a few  test  facilities  are  available  to  the  Army  for  seismic 
equipment  qua] ification.  Selection  of  the  appropriate  test  facility  for 
a particular  item  of  equipment  must  be  based  on  the  physical  properties 
of  the  item  and  the  test  criteria  established  above.  If  a facility 
which  can  provide  the  required  test  criteria  cannot  be  found,  the  facility 
which  can  most  closely  approximate  the  criteria  must  be  selected. 
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If  a tost  facility's  loadiru)  capacity  is  sufficient,  assemblies  of 
related  equipment  may  be  tested  simultaneously.  A "test  unit"  (see 
Chapter  3)  consists  of  a single  item  of  equipment  or  any  suitable  com- 
bination of  equipment  items  which  may  be  simultaneously  subjected  to  a 
single  test  environment.  Test  units  are  economic  and  allow  testing  on 
a subsystem  or  system  level,  when  appropriate. 

Existing  fragility  test  reports  indicate  that  testing  tends  to  be 
conducted  in  three  degrees  of  sophistication,  according  to  the  number 
of  tests  and  waveform  definitions  considered  necessary  to  establish 
sufficient  failure  data.6  Most  units  are  proof  tested.  Certain  other 
units  require  partial  fragility  testing.  Full  fragility  testing,  how- 
ever, is  restricted  to  very  few  units,  since  hundreds  of  tests  may  be 
required  for  each  unit. 

Proof  testing  involves  testing  a unit  at  a few  (i.e.,  four  or  sis) 
progressively  increasing  levels  of  severity  until  the  full  level  of 
the  expected  dynamic  environment  is  reached.  Go/no-qo  results  are 
expected;  that  is,  either  the  unit  survives  the  full  environment,  or  it 
fails  and  must  be  hardened  by  redesign.  The  use  of  a few  progressively 
increasing  test  levels  prevents  the  unit  from  being  completely  demolished 
before  the  failures  can  be  investigated.  Proof  testing  is  therefore  an 
expedient  method  of  discovering  failures  which  are  highly  likelv  to 
occur  at  or  below  the  expected  shock  environment  level.  These  failures 
are  termed  "consistent"  (see  Chapter  3),  since  for  all  practical  pur- 
poses they  can  be  predicted  with  100  percent  assurance. 

Experience  shows  that  certain  types  of  equipment  exhibit  inter- 
mittent or  erratic  failures,  typically  caused  by  electrical  relay  chat- 
tering or  circuit  breaker  tripping.  These  failures  are  termed  "indepen- 
dent," since  they  have  the  properties  of  an  independent  random  variable 

r Subsystems  Hardness  Assurance  Analysis,  HNDSP- 73-1 61  - ED- R (U.S.  Army 
Corps  of  Engineers,  Huntsville  Division,  December  1974). 


as  defined  in  mathematic  a 1 statistics.  It  i ndependent  failures  are 
encountered,  the  uni  t r,av  have  to  he  rescheduled  tor  partial  or  full 
t rai| i Iits  test  ini). 

Initially,  all  essential  equipment  which  cannot  or  should  not  be 
qualified  by  analysis  should  be  scheduled  tor  proof  testing.  last 
experience  ysee  tin1  appendix)  indicates  that  a large  percentage  of 
items  ay  survive  proof  testinq  and  therefore  may  he  considered  test- 
qual  i f it’d. 

Partial  fragility  testinq  should  he  scheduled  for  units  or  items 
of  equipment  which  exhibit  independent  failures  durinq  proof  testinq 
which  cannot  be  immediately  corrected  by  redesign.  Twenty  or  more 
tests  are  often  required  to  allow  a rough  estimate  of  the  probability 
of  failure  and  to  determine  the  fragility  envelope  for  test  levels  at 
or  below  the  full  environment  level.  U.S.  Army  Construction  engineering 
Research  laboratory  fit R1 ) Special  Report  M-C09  gives  the  method  for 
estimating  the  probability  of  failure  and  examples  of  its  use. 

In  cases  where  hardening  the  test  unit  or  equipment  is  not  prac- 
tical, the  estimated  probability  of  failure  can  be'  used  to  determine 
the  required  action.  The  results  of  partial  fragility  testing  will  in- 
dicate those  units  which  may  be  considered  test-qualified  with  an 
acceptable  probability  of  failure.  Time  and  funding  constraints  may 
require  that  some  units  be  subjectively  judged  as  acceptable  at  this 
stage,  in  practice,  only  critical  items  can  be  scheduled  for  further 
t est i nq . 

Units  which  require  full  fragility  testing  do  not  have  to  be  sub- 
jected to  proof  or  partial  testing  it  the  unit's  essential  or  critical 
nature  warrants  and  if  the  occurrence  of  either  consistent  or  inde- 
pendent failures  is  deemed  sufficiently  probable  based  on  past  e\ 
perience  with  similar  equipment,  full  fragility  testing  may  require 
hundreds  of  tests  in  narrow  frequency  bands,  in  different  axes,  and 

P.  N.  Sennenburg,  fragility  Pata  Analysis  and  Testinq  Guidelines  for 
Issential  Equipment  in  fritical  facilities.  Special  Report  M-,’09 
ADA03P768  (U.S.  Army  Construction  Inqineerinq  Research  Laboratory 
la  Rl  1.  March  1977) . 
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at  many  test  levels.  The  objective  of  full  fragility  testing  is  to 
identify  and  correct  as  many  failures  (see  Chapter  3)  as  possible,  so 
that  the  probability  of  failure  can  be  minimized.  Test  levels  may 
exceed  the  full  expected  environment  level  if  the  results  from  such 
tests  will  provide  insight  helpful  in  correcting  defects  or  will  im- 
prove confidence  in  the  probability  of  failure  estimate.  If  the  de- 
fect cannot  be  sufficiently  hardened  to  reduce  the  probability  of 
failure  to  an  acceptable  level,  the  unit  must  be  isolated  from  the  en- 
vironment. In  this  event,  the  objective  of  the  full  fragility  testing 
is  to  establish  a fragility  envelope,  with  confidence  limits,  for 
direct  use  by  isolation  system  designers. 

!nt<-t,’s  ft- tut  ’ n /•'.«.* luvt  Results 

When  a significant  failure  occurs,  there  are  three  possible  courses 
of  action  (see  Figure  3).  First,  the  equipment  may  be  hardened  by  re- 
design and  repair  and  then  retested.  Second,  depending  on  the  nature  of 
the  failures,  the  probability  of  failure  may  be  estimated.  If  the 
probability  of  failure  is  acceptable,  the  equipment  may  be  judged  as 
qualified.  This  course  of  action  may  require  partial  or  full  fragility 
testing.  Generally,  sufficient  failure  information  cannot  be  obtained 
from  a proof  test  to  estimate  the  probability  of  failure  with  sufficient 
accuracy.  Third,  the  equipment  may  be  isolated  from  the  environment. 

When  consistent  failures  occur  during  fragility  testing,  the  course 
of  action  to  be  taken  by  the  test  engineer  or  equipment  designer  is 
usually  clear.  For  example,  in  a proof  test,  a consistent  failure  means 
100  percent  probability  of  failure  below  the  test  level.  The  engineer 
rnay  not  be  able  to  continue  testing  at  higher  levels  until  the  failure 
is  corrected  by  redesign,  i.e.,  hardening  the  unit  to  assure  functional 
survivability.  A suitable  alternative  may  be  to  condone  the  failure 
temporarily  if  it  does  not  affect  other  possible  modes  of  failure  during 
testing.  Also,  in  cases  where  consistent  failures  occur  below  the  100 
percent  proof  test  level,  the  prediction  of  the  same  failure  is  100 
percent  assured,  and  hence  is  not  a matter  of  probability.  The 
fragility  envelope  can  be  clearly  defined  in  this  case. 
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Whi'n  I ndepondent  t. n Inn's  occur,  tin'  possible  courses  ot  ait  ion 
arc  not  wo  I I defined.  1 In'  prediction  of  failure  becomes  a matter  of 
probability,  because  a I i toraturo  soarih  revealed  tli.it  no  theoretual 
treatment  id  the  stat  is  t ii a I analysis  ot  Iraqi  I i tv  data  was  readily 
available  tor  retereiue  In  tt".t  enqineers,  desiiiners,  or  manut.ic  t urers , 
a miorous  ma t hema t 1 1 a I method  ot  va 1 1 u la t i mi  the  probability  ot 
tailure  Iron  traqility  data  was  developed  and  doi union  ted  in  t I Id  Special 
Ki'port  M .’i)1*  Results  presented  in  that  report  for  app)  ii  at  ions  ot  the 
theory  to  hypothetii.il  test  results  and  to  the  partial  traqility  test 
results  Iron  the  Mi  I SI  pro. pain  should  he  usetul  in  iiianaqi  mi  test  pro 
.Irani'..  I he  estimation  ot  I tie  number  ot  tests  at  various  test  levels 
required  to  achieve  a desired  .uiui.uy  (or  confidence)  in  predict inq 
probability  ot  failure  ot  a unit  should  aid  in  planninq  test  schedules. 

Althouqh  traqility,  tat  i. me,  and  st  renut  Ii  test  inq  are  all  usually 
i lassitied  as  destructive  test  method'.,  there  is  much  more  readily 
available  literature  .nldressinq  the  statistical  analysis  ot  strenqth 
and  tatique  data  than  there  i'.  address inq  traqility  data,  probably  he 
i.ui'.e  '.trenqth  and  tatique  data  are  qenerally  more  amenable  to  analysis 
than  traqility  data.  However,  di  f teri'iit  iat  inq  between  the  mean  inq  ot 
traqility  test  results  on  one  hand  and  strenqth  of  tatique  results  on 
the  other  is  important.  Mine  this  report  focuses  on  the  interpretation 
ot  traqility  data,  a brief  comparison  ol  the  mean inq  ot  test  results  is 
in  order.  A more  complete  discussion  is  qiven  in  i t HI  Spei  i.il  Report 
M .'Od. 

All  three  form',  of  test  inq  mentioned  above  are  statistiial  experi 
inputs.  Ma  t hen.i  t i i a 1 1 y , a '.tatistii.il  experiment  can  he  divided  into 
t wo  parts  input  and  outiome.  1 he  input  iriteria  are  i omp let e I v de 
lined  and  controlled  (within  limits  ot  aciur.uy)  h.v  the  invest  iq.itor, 

I he  outcome,  or  test  result,  may  or  may  not  he  random  in  nature  and  is 
not  controllable  In  the  invest iq.itor  except  throuqh  variation  ot  the 
input  parameters. 

In  a simple  strenqth  test,  tor  example,  a specimen  miqht  be  loaded 
in  tension  until  tailure  oniirs.  1 he  enqineer  lontrols  the  spei  imen 
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geometry,  physical  properties,  and  the  loading  rate.  Hence  this  infor- 
mation comprises  the  input  data.  When  failure  occurs,  the  correspond imi 
load  is  recorded;  i.e.,  the  statistical  outcome  is  the  load  at  which 
failure  occurred.  Mote'  that  failure  must  occur  before  the  outcome  is 
recorded.  When  many  nominally  identical  specimens  have  been  tested, 
the  failure  loads  may  he  arranged  in  the  form  of  a probability  density 
function.  The  moan  failure'  load  can  then  be  estimated,  as  can  central 
statistical  moments,  which  may  be  used  to  predict  the  probability  of 
failure  (with  confidence  limits)  of  such  specimens  at  any  prescribed 
load  level.  A parallel  discussion  can  be  provided  tor  fatigue  testing 
(see  CL Rl  Special  Report  M-,’09). 

In  a proof  test  (a  simple1  fragility  test),  the  specimen  is  sub- 
jected to  a test  level  predetermined  by  the  engineer.  Parameters  used 
to  define  the  load  therefore  comprise  input  data.  In  contrast  to  the 
strength  test  example1  above,  failure  may  not  occur.  I he  outcome  in 
this  case  is  either  survival  or  failure  at  the  prescribed  test  level. 

It  failure  occurs,  all  that  is  known  is  that  the  same  failure  could  have 
occurred  at  any  test  level  loss  than  or  equal  to  the  actual  lost  level. 
Iherefore,  fragility  failure  data  must  be  displayed  in  the  tona  ot  a 
probability  distribution  function  (see  C f Rl  Special  Report  M-,'09),  in- 
stead of  Hu1  density  function  representation  appropriate  tor  strength 
test.  data.  In  analyzing  fragility  data,  the  test  level  must  be1  re- 
garded only  as  an  upper  bound  ot  failure  when  failure  occurs 

Fragility  testing  is  closely  related  to  sensitivity  testing  ot 
explosives,  which  is  discussed  in  several  publications."  I he  detonation 

n I.  W Anderson,  !’.  d.  Mi.  Cart  by,  and  J.  W.  Tukey,  Staircase  Methods 
of  Sensitivity  resting,  NAVORO  Report  60-46  (Navv  Department,  bureau 
of  Ordnance  [NAVORO],  .’1  March  1040);  Statistical  Analysis  lor  a 
New  Procedure  in  Sensitivity  I xperiments , AMP  Report  No.  101  lit.  sRu-P 
No.  40  (Statistical  Research  Croup,  Princeton  University,  duly  lv,44); 
A.  Bullfinch,  Improved  Methods  and  Techniques  for  lestiny  Impact 
Sensitivity  of  Ixplosives,  Technical  Report  22!!P  (Pica tinny  Arsenal, 
July  1956) ; "Method  ot  Computing  Impact  Sate1  Hi  stance  tor  M11-S10  did. 
Journal  ot  the  Joint  Army  Navy  Air  force  (JANA!)  lure  Comm  t tee. 

Serial  No,  d?  (JANAi  , '10  September  19647;  1 • D.  Hampton,  Fundamental 
Statistical  Ideas  .is  Related  to  explosive  Sensitivity  lests,  NAVORO 
Report.  4.179  (U.S.  Naval  Ordnance  laboratory,  14  Septemhoi  196b). 

27 


.......  A 


14 


ot  an  explosive  charge  is  primarily  a function  of  impact  shock,  where 
the  variable  of  concern  may  be  pressure.  It  is  found  that  detonation 
(failure)  does  not  always  occur  at  a precise  shock  level,  there  is  a 
probability  that  this  outcome  will  occur  at  any  shock  level  loss  than 
or  oqua 1 to  the’  actual  test  shock  level.  Therefore,  the  mathematics 
required  to  analyze  explosive  sensitivity  is  essentially  the  same  as 
that  required  for  fragility  data. 


5 KLCUMMi  NOt  0 Utt  INK  IONS 


this  chapter  presents  definitions  which  will  aid  in  improving  com- 
munications between  activities  involved  in  tragi  lily  testing.  I he  do 
finitions  are  based  primarily  on  an  analysis  ot  failure  data  contained 
in  the  Army  Corps  ot  engineers  Huntsville  Division  documentation  on 
SAM  GUARD  systems  testing. * 

test  Unit:  A unit  is  defined  as  any  system,  subsystem,  component, 
or  combination  thereof  which  may  be  treated  independently,  either  as 
an  assembly  or  as  a detailed  part  with  a specific  function,  lor  ex- 
ample, individual  valves  in  a piping  system  may  be  sufficiently  rugged 
to  avoid  testing  each  one.  Since  the  weakest  points  may  be  the  joints 
between  the  v, lives  and  the  piping,  testing  or  analyzing  the  entire  pip- 
ing system  as  a unit  may  be  desirable.  The  size  of  a test  unit  is 
limited  by  its  capability  ot  being  subjected  to  a single  defined  shock 
environment;  i.e.,  a piping  system  of  a building  would  bo  too  large  to 
test  as  one  unit. 

fragility:  A unit's  fragility  is  defined  by  stating  the  value  ot 
a variable,  such  as  acceleration,  at  which  it  will  tail. 

fragility  Envelope:  A fragility  envelope  is  defined  by  expressing 
the  variable  describing  failure  as  a function  ot  frequency. 

Hardness:  A unit’s  hardness  is  defined  as  its  probability  ot 
failure  under  expected  environmental  loading  conditions. 

Hardness  Assessment:  Assessment  of  a unit’s  hardness  is  achieved 
by  calculating  the  unit's  probability  of  failure  under  (possibly  num 
erous)  specified  shock  loading  conditions. 

Hardness  Assurance:  Assurance  ot  hardness  is  achieved  by  reducing 
the  probability  of  a unit's  failure  below  an  acceptable'  value  tins 
reduction  can  be  accomplished  by  redesigning  the  unit  to  eliminate 
failures  under  a prescribed  shock  environment,  or  by  isolating  the  unit 
from  the  prescribed  shock  environment. 

' Subsystems  Hardness  Assurance  Analysis,  HNDSP- 73-lbI-l  (Its.  Army 
Corps  of  Engineers,  Huntsville  Division.  December  19/4). 
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lest  level:  I he  -.hock  environment  tor  tragi lity  testing  is  usually 
lie  fined  as  a shaped  shook  s pee t rum,  referred  to  as  the  100  pereent  level, 
lests  may  be  conducted  with  the  same  spectrum  shape,  but  with  a uniform 
amplitude  change  in  parameters.  Ihe  level  of  the  test  refers  to  the 
amplitude  of  a simile  parameter  such  as  displacement,  velocity,  or  ai 
coloration,  which  can  be  used  for  comparison  with  the  100  percent  level. 

1 in'  same  terminology  is  used  tor  application  to  any  type  of  shock 
environment . 

lailure:  A failure  is  defined  as  any  malfunction  or  degradal ion  of 
performance  or  structural  integrity  of  an  item  ot  equipment..  A change  in 
performance  which  causes  any  interfacing  equipment  to  fail  is  also  con 
side red  a failure,  even  though  the  change  may  not  be  detrimental  to  the 
parent  equipment. 

Consistent  Failure:  When  a failure  occurs  repeatedly  and  can  be  pro 
dieted  as  a well-defined  test  level  value,  the  failure  is  said  to  be  con 
sistent.  A unit  will  exhibit  100  percent  probability  ot  failure  at  test 
levels  at  or  above  this  well-defined  level,  and  the  failure  will  he  caused 
by  the  same  (consistent.)  defect.  Numerous  consistent  failures  may  occur 
simultaneously.  A fragility  envelope  can  be  formed  it  failures  are  con 
sistent.  lor  example,  a mounting  bracket  which  will  buckle’  at  a reasonably 
precise  load  (i.e.,  test  level)  tor  every  similar  item  of  eguipment  should 
be  considered  as  a consistent  failure.  Consistent  failures  have  been  ob- 
served to  ociur  mostly,  but  not  always,  in  equipment  structures. 

Independent  lailure:  When  a failure  occurs  erratically,  at  ditterent 
levels  of  the  variables,  it  is  said  to  be  independent.  A well-defined 
fragility  envelope  cannot  be  formed  from  failure  levels  it  the  failures 
are  independent.  When  this  situation  occurs,  the  probability  of  a failure 
of  a unit  at  any  test  level  must  be  considered.  Independent  failures  have 
usually,  but  not  always,  occurred  in  electronic  and  electrical  components, 
for  example,  in  a bank  ot  nominally  identical  circuit  breakers,  several 
may  open  under  a specific  test  level.  It  these  breakers  are  closed  and 
the  test  repeated,  the  same  breakers  may  remain  closed  while  others  open, 
lor  practical  purposes,  the  opening  of  a specific  breaker  may  then  be 


considered  .is  statistically  independent,  with  a probability  ol  tailure 
something  less  than  100  percent  under  the  prescribed  test  level. 

Qualifying  failure:  A qualifying  tailure  is  one  which  van  be  cor 
rected  almost  immediately,  or  which  lias  a degrading  influence  not  dir 
ectly  affecting  tiie  unit's  function  or  that  of  any  other  interfacing  unit, 
for  example,  a cabinet  door  latch  or  fastener  may  open,  whi.n  will  have 
no  i limed  i ate  effect  on  the  performance  of  the  internal  equipment  I fie 
tailure  may  degrade  the  structural  integrity  of  the  item  slightly,  but 
there  may  be  no  need  to  redesign  the  fastener  mechanism  to  withstand  the 
shock  environment. 

Lingering  Failure:  A lingering  failure  is  one  which  requires  an 
intolerable  time  delay  to  correct.  1 he  failure  may  Occur  dirts  (Is  with 
in  the  test  unit,  or  faulty  output  by  the  unit  may  cause  an  interlacing 
system  to  malfunction.  For  example,  it  water  pressure  in  a pipe  line 
drops  momentarily  uridet  the  shock  environment,  it  may  cause  an  essential 
pump  to  shut  down.  11  the  delivery  ot  water  is  critical  in  this  ease, 
and  it  an  intolerable  delay  is  required  to  restart  the  pump,  then  the 
failure  should  be  classified  as  lingering.  In  every  case  where'  a 
lingering  failure  is  identified,  an  attempt  should  be  made  to  eliminate 
or  s i qn i t icant I v reduce  the  probability  of  failure. 

floor  Response  Spectrum:  A floor  response  spectrum  is  a 'hock 
spectrum  calculated  from  the  absolute  floor  time  history.  A floor  re- 
sponse spectrum  is  a plot  of  the  maximum  responses  ot  single  degree  ot 
freedom  osc i 1 la  tors  attached  to  the  floor,  fquipment  damp  inn  is  a 
variable  parameter.  1 fit'  floor  response  spectrum  is  related  to  oquipment 
vibration  in  the  same  manner  that  the  ground  response  spectrum  is  re 
la ted  to  building  vibration. 

Proof  Testing:  Proof  testing  is  the  simplest  type'  ot  tragilitv 
testing  and  is  used  to  quality  equipment  for  a particular  application  or 
requirement.  Typically,  a test  unit  is  subjected  to  a tow  fi.e  tour 
or  six)  test  levels  of  increasing  severity,  until  the  full  expected  on 
vironmental  test  level  is  reached.  Go/ no- go  decisions  may  be  made  tor 
most  equipment,  based  on  proof  test  results.  Proof  testing  ts  an 
expedient  method  of  identifying  consistent  failures. 


Partial  fragility  testing:  Partial  fragility  testing  may  be  re- 
quired it  independent  failures  result  or  arc  suspected  from  proof 
testing.  It  is  not  unusual  tor  .’0  or  more  tests  to  bo  bold  in  dittoront 

asos  to  help  identity  and  possibly  correct  the  independent  failures, 
tor  failure  whirl)  cannot  be  eliminated,  the  probability  ot  tailure  ran 
be  estimated  numbly. 

lull  Irani  lily  lestnuj:  lull  fraoilitv  testing  may  be  required 
tor  h i oh  1 v .ritual  and  sensitive  equipment  in  whirl)  numerous  independent 
failures  may  occur.  Several  hundred  tests  may  be  necessary.  Ihe  test 
levels  may  be  defined  in  terms  of  stationary,  nons t at  ionary . narrow  band, 
or  broad  band  random  properties.  In  partirular,  sine  beat,  rontinuous 
sine,  and  sweep  sine  tests  are  often  used.  Results  ot  full  fraoilitv 
tests  rondurtod.  where  possible,  after  failures  have  been  eorrerted  .an 
be  used  to  establish  a mean  fragility  envelope  with  statistiral  ron 
tidenre  bands,  this  information  may  be  used  either  as  drsiijn  rriteria 
tor  an  isolation  system,  or  to  provide  an  estimate  ot  the  probability  ot 
failure  ot  the  test  unit  under  the  expected  environment  a)  conditions. 

Hie  a. curacy  ot  estimation  ot  the  mean  fragility  envelope  or  the  prob- 
ability ot  failure  is  a function  ot  the  number  of  tests  conducted. 


q i'l  VI  UH’MtNT  Of  ! I'Ulf'Ml  V «AVt  f OKN 
Ms]  ORIURIA 

lienera  I 

I ho  prim'  i pal  objective  ot  seism  qual i tii  at  ion  t « * - • : ' > ■ to 
downs t rate  that  ossont  ial  o*|uu'"!«'nt  tunct  ions  proper I v dunn.:  at 
after  an  earthquake . uinsiderat  ion  must  be  .jnrr  to  both  ! no  ! 
tional  and  strui  tural  i har.n  ten  st  ics  ot  t fi»'  i pou>n  t ion;. nr  t, 
ot  equipment  , an  ho  subjected  to  mm,  i.  >|u.i  ] 1 1 i i a t ion  t os  ! s iO-i  >• 
s imul.it  inq  t ho  i>poratimi  i ondi 1 tons  and  nonitorinq  penorumr  a 11*1. 
tho  tost,  thereby  101  iti  m,|  simultaneously  t*n’  tutu  t tonal  an,!  -tin. 
tural  intooritv  of  tho  equipment.  In  tho  case  of  1 ir,;o  amt  , oi'lo, 
oi]u  i pment , mu  li  as  olovator  systems,  simulation  of  tho  oporatw,.  , omli 
tions  may  ho  lmpr.u  t u a I , amt  al  tomato  ifitoria  'Hist  bo  develoeod  to 
assure  ttio  functional  intoqritv  ot  tho  equipment.  Ino  dovolopitH’nt  ot 
thoso  criteria  inust  ho  dono  on  a case-by-case  basis  and  is  bovoiut  tho 
scopo  of  tti i s report . 

In  concept,  it  is  possible  to  develop  both  structural  and  turn 
tional  tost  criteria  tor  even  type  ot  equipment  ot  comoni.  It  tho 
equipment  cannot  bo  tested,  the  criteria  should  ho  used  tor  desi :n  im- 
poses. lor  example,  iiH'st  types  of  equipment  have  some  ton  ot  sfrui 
tural  support.  I he  tost  (or  desiqni  iriteria  can  bo  used  to  dosiqn  tho 

support  inq  system  even  thouqh  tho  struitural  and  tarn  tional  intern  tv 
ot  the  equipment  cannot  be  verified  by  test  inq  Iho  Method  retie,  tin.: 
the  state  ot  the  art  in  devolopimi  waveform  tost  criteria  is  provided 
in  the  to  1 low inq  sect  ions . 

Development  ot  Seisnii  Input  tor 
lssenti.il  Iquipment 

1 iqure  t'  illustrates  the  soismii  response  ot  a huildmq  and  the 
qeneral  effects  of  tills  response  on  equipment  in  the  buildtnq  Iho 
earthquako  input  notions,  buildinq  and  equipment,  and  buildim:  response 
are  shown  in  Hqures  mi.  b.  and  c.  respectively  . It  the  floor  levol 


motions  are  used  to  calculate  response  spectra  at  these  levels,  spectra 
ot  tiie  form  shown  in  1 inure  bd  are  produced.  These  spectra  exhibit 
peaks  ot  high  ampl  i t i cat.  ions  in  the  regions  of  the  natural  frequencies 
ot  the  building.  Thus,  it  the  natural  frequencies  ot  tin'  supported 
equipment  are  in  the  sane  range,  high  response  and  corresponding 
structural  and  functional  failures  may  result.  The  problei  o'  tot  ml  at 
ing  test  criteria  for  essential  equipment  is  therefore  one  of  obtaining 
an  appropriate  time  history  ot  tilt'  motions  at  the  base  ot  the  equipment 
and  or  calculating  or  developing  a suitable  approx  1 ma t i on  ot  floor 
response  spectra. 

(Conceptual  1>  the  problem  is  straightforward,  but  computat  iona  1 1 v 
the  task  is  formidable.  It  is  therefore  worthwhile  to  briefly  describe 
tiie  dynamic  analysis  methods  for  calculating  the  seismic  response  of 
buildings  and  to  discuss  some  ot  the  assumptions  ust'd  in  tin'  seisi  ic 
analyses  of  equipment.  The  most  widely  used  methods  for  calculating  the 
response  ot  buildings  and  equipment  are  the  response  spectrum  and  time 
history  modal  analysis  methods.  An  alternate  method  tor  claculattug  the 
time  history  response  ot  buildings  having  nonlinear  structural  p roper t ie 
is  the  direct  step-by-step  numerical  integration  ot  the  coupled  equa 
t ions  of  motions.  It  should  be  noted  that  both  of  the  modal  analysis 
methods  are  applicable  only  to  linearly  elastic  structures.  Moreover, 
designing  buildings  to  resist  severe  seismic  motions  without  allowing 
minor  to  moderate  amounts  of  inelastic  behavior  (i.e.,  ductility  factors 
of  1 . b to  b)  is  generally  recognised  as  impractical.  Procedures  have 
been  developed  for  modifying  the  elastic  response  spectrum  to  incorporat 
a rational  representat ion  of  the  effects  of  inelastic  behavior  mi 
buildings.  A similar  simpl i f icat ion  for  accommodat ing  the  effects  ut 
inelastic  behavior  in  the  time  history  modal  analysis  method  currently 
is  ncit  available.  Consequently,  direct  step-by-step  numerical  inte 
qration  of  the  equations  of  motion  is  the  only  feasible  method  for 
rigorous  solution  of  the  nonlinear  response  of  buildings,  .he  nonlinear 
dynamics  problem  is  significantly  more  difficult  than  the  linear  problem 
because,  in  the  most  general  case,  the  stiffness  and  damping  "a trices 


must  be  regenerated  at  each  tine  step,  thus  greatly  increasing  the 
computat ional  efforts . 

1 tit'  general  principles  of  the  response  spectrum  net  hod  can  be 
described  with  the  aid  ot  the  idealized  building  and  analytical  model 
shown  in  figure  'a.  first,  the  natural  frequencies  and  corresponding 
mode  shapes  art'  calculated  from  the  structural  properties  ot  the  build- 
ing (figure  7h).  Modal  part i c i pa t ion  factors  are  then  calculated 
using  toe  relationshi"  in  figure  The  next  step  is  to  determine  the 

spectrum  displacements  corresponding  to  the  natural  frequencies  ot  each 
mode  and  the  appropriate  damping  ratio  from  a typical  tripartite 
logarithmic  plot  ot  the  design  spectrum  for  the  building  (figure  7d). 

The  spectrum  displacement  for  each  mode  is  then  multiplied  by  the  cor 
responding  part ici pat  ion  factor  and  the  node  shape  to  determine  the 
maximum  modal  di spl acements  tor  each  node  ot  the  building  (Figure  V). 

The  next  step  is  to  combine  the  maximum  modal  responses  to  obtain  the 
expected  maximum  response  ot  the  building.  The  most  con.ionlv  accepted 
method  is  to  uso  tho  square  root  ot  the  sum  of  the  squares  method  to 
obtain  an  estimate  v't  the  total  displacement  of  the  building  (Moure  7e). 
(However,  in  last's  when*  the  natural  frequencies  are  closely  spaced,  the 
sum  ot  the  absolute  values  ot  the  maxi  mum  displacements  in  each  ot  the 
mode's  provides  a more  realistic  approximation  of  the*  maximum  displace- 
ment ot  the  building.)  It  is  important  to  note  that  t fit'  superposition  ot 
responses,  either  by  the  square  root  of  the  sum  ot  squares  or  by  the 
direct  summation  of  peak  values,  cannot  be  used  in  determining  test 
criteria  for  equipment,  tor  this  purpose,  the  modal  responses  must  be 
preserved  as  a function  of  frequency. 

The  general  principles  of  the  time  history  modal  analysis  method 
can  be  illustrated  using  the  same  idealized  building  and  analytical 
model  (Figure  8a).  The  natural  frequencies  and  corresponding  mode 
shapes  and  participation  factors  are  the  same  (Figure  8b).  Up  to  this 
point,  the  analyses  are  identical  but  the  calculation  ot  the  response 
ot  the  building  will  differ.  The  time  history  response  of  each  mode 
is  calculated  for  the  earthquake  input  motions;  this  calculation  yields 
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Figure  8.  Time  history  method  of  dynamic  analysis. 


time  histories  for  the  response  at  each  of  the  modes  (Figures  8c  and  d). 
The  next  step  is  to  combine  the  time  histories  of  these  modal  responses. 
For  example,  the  time  history  of  displacement  response  of  the  roof 
(Mode  2)  in  the  first  and  second  modes  are  summed  point  for  point  in 
time  to  produce  the  time  history  of  the  total  response  of  the  roof 
(Figure  8e). 

These  dynamic  analysis  methods  can  be  extended  to  incorporate  equip- 
ment supported  by  the  floors  or  other  structural  members  of  the  building. 
Both  the  building  structure  and  the  equipment  rest  on  base  supports  and 
motions  are  applied  to  these  supports.  Likewise,  the  equipment  responds 
to  the  floor  motion  in  the  same  manner  that  the  building  responds  to 
the  earthquake  motion.  Theoretical ly , a dynamic  model  of  both  the 
building  and  the  equipment  could  be  developed  and  an  analysis  conducted 
to  determine  the  response  of  the  equipment.  Realistically,  this  is  im- 
practical because  of  the  large  number  of  degrees  of  freedom  required 
for  the  dynamic  model  and  the  possibility  of  ill  conditioning  the  re- 
sulting stiffness  matrix.  Furthermore,  most  equipment  will  have 
negligible  interaction  effects  on  the  response  of  the  build-tag,  as  is 
the  case  with  equipment  having  relatively  little  mass  and  high  natural 
frequencies.  Only  the  mass  of  such  equipment  need  be  included  in  the 
mass  distribution  of  the  dynamic  model  of  the  building.  The  equipment  is 
then  dynamically  "uncoupled"  from  the  building  and  a separate  analysis 
of  the  equipment  can  be  performed  to  evaluate  the  effects  of  earthquake 
motions  using  the  output  from  the  building  analysis. 

In  certain  situations,  the  presence  of  equipment  can  have  a marked 
effect  on  the  building's  response.  The  equipment  must  then  be  included 
in  the  dynamic  model  of  the  building  or  its  effects  analyzed  with  a 
simplified  model  of  the  building.  In  such  a case,  the  equipment  and  the 
building  are  said  to  be  dynamically  "coupled."  For  most  buildings  this 
situation  occurs  infrequently.  It  occurs  most  frequently  with  industrial 
production  facilities  having  large  tanks  or  heavy  equipment  at  inter- 
mediate floor  levels. 
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Separate  Analysis  ot  l qu ipmont - 
Structure  Response 


The  response1  ot  equipment  which  is  not  analyzed  as  a part  ot  t lie 
buildinq  structural  model  qonerally  has  been  studied  throuqh  a two 
deqree-ot - t reedom  model,  riqure  9 shows  a simplified  two-deqree  ot 
freedom  model  of  an  item  of  equipment  (the  secondary  system)  mounted 
on  a buildinq  structure  (the  primary  system)  which  is  connected  to  a 
movinq  foundation.  The  absolute'  displacement  (with  respect  to  an  in 
ertial  frame  of  reference')  ot  the'  structure  is  and  that  ot  t tie' 
equipment  is  x, . for  the'  structure  and  equipment.,  respectively,  the 
elastic  restorinq  (sprinq)  rates  are'  kj  and  k ,,  the'  dampiiut  values  art’ 
c,  and  c , .end  the'  masses  are  m,  and  m The  qround  displacement  is  u. 

equations  of  Motion.  The  linearized  equations  ot  motion  for  this 
model  in  terms  of  the  absolute  displacements  x.  and  x,  are11' 

l"|\|  * C|Xj  + k|X|  - Cj(x,-Xj)  - k,(\,-X|)  Cjll  * kjll 


nr,Xp  + c2(x?-Xj)  • k , ( x . , - \ j ) 0 

where  dots  over  a variable'  indicate  di  t terent  iat  ion  with  respect  to 
time.  In  thc’sc'  equations,  the  primary  variable  ot  interest  is  \ which 
represents  the'  absolute'  accelerat  ion  ot  the  mass  c't  the  secondary  sys 
tern,  lor  electrical  components  such  as  relays,  switches,  and  circuit 
breakers,  malfunctions  (such  as  chatter  or  trip-outs)  may  lie’  caused 
solely  by  the  absolute  accelerat  ion  le've'l  experienced  by  the  equipnu'iit  . 

Alternately,  these  equations  can  be  expressed  in  terms  ot  the 
relative  displacements  y^  and  y.,  usinq  the’  relationship 

' 3 S.  H.  Crandall  and  W.  f).  Mark,  Random  Variation  in  Mechanical  Sys 
terns  (Academic  Press,  1963). 
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Upon  substitution  and  rearranging,  the  t't|u,i I ions  ot  motion  may  l>n 
wr  i t ton  us 

m I v | 1 > | \ | 1 k j v | t.u,y  , k ,v -iiijU 

Mm  3J 

ni.,(  y . *yj  * c ,y  , • k ,y  , -m.>' i 

In  these*  equations,  tlio  primary  variable*  ot  intorost  is  y.,,  whirfi  r < ■( ’ 
resents  the  distortion  ot  the  sprinn  tor  the  secondary  system;  y,  can 
bo  related  to  the  maximum  allowable  tone  or  displacement  m the  equip 
mont  supports.  I ikewise.  the*  ratio  ot  y.,/y.  is  ot  interest,  since  it 
represents  the  ampl i t icot ion  factor,  k.  between  the  sprinn  distortions 
in  t he  secondary  system  and  the  sprinn  distortions  in  the  primary  system. 

While  absolute  acceleration  is  important  tor  comparison  to  equipment 
fragility  criteria,  the  literature  shows  that  most  investigators11  have 
analyzed  only  t In'  relative  motion  response  (i.e.,  Iq  d),  which  is 
siqnificunt  tor  ana  1 y:  inn  equipment  structural  and  mount  i mi  integrity. 

11  N.  M.  Newmark,  "l.arthquake  Response  Analysis  ot  Reactor  Struc  tures," 
Nuclear  1 mji  nee  ring  and  Design,  Volume  ?0  (I1*/,’),  pp  30.1  O.V;  k.  k. 
kapur  and  I*.  ('.  Shoo,  "Generation  ot  Seismic'  Moor  Response  Spectra 
tor  Iguipment  Design,"  Spec  ialty  Conterence  on  Structural  Oesjcjn 
tor  Nuc  lear  Plant  facilities.  Volume  1 (17-10  IVceniber  1973),  pp  ,’9- 
71;  d.  M.  Riggs  and  J.  M.  Roesset,  "Seismic  Analysis  ot  tquipment 
Mounted  on  a Massive'  Structure,"  Seismic  Design  tor  Nuclear  Power 
Plants,  R.  d.  Hansen,  ed.  (Massachusetts  Institute  ot  Technology 
[Mil]  Press,  1970),  pp  .110-040;  R.  N.  Clough  and  d.  Pen.’ien,  Dynamics 
ot  Structures  (McGraw-Hill  Book  Co.,  Inc.,  1975);  D.  i.  Arthur,  K (. 
Murray,  and  T.  d.  lokaiv,  "Generation  ot  floor  Response  Spectra  for 
Mixed  Oxide'  > ut'  1 fabrication  Plants,"  Structural  Design  o t Nik  lear 
Plant  facilities.  Volume'  1 A (;l  10  December  1975),  pp  l,4  108;  N.  M 
Newmark  and  W.  d.  Hall,  "larthepiake  Resistant  Design  ot  Nuclear  Rower 
Plants,"  United  Nations  I due  at  ional , Scic'iititic,  and  Cultural  Orani 
/ation  (UNJ  SCO]  Intergovernmental  Conh'n'iut'  on  Asse'ssi.W'nt  and  Mill 
gat  ion  e't  larthepiake  Risk  (fe'bruary  197b). 
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(or  typical  eart hquake  motions  aiul  huildinq  response  properties,  it  has 
been  shown1  that  the  spectrum  tor  \j  can  he  closely  appro\i mated  by 
the  pseudo-acceleration  response  spectrum,  y |.  ot  the  primary  mass. 

I ho  appropriate  relat ion  is 


y 


11  q -11 


Ihus,  the  pseudo-accelerat  ion  portion  ot  a conventional  huiMitni  re 
spouse  spei  t rum  approximates  the  absolute  floor  acceleration  spectrum. 
(Note  that  this  is  not  the  floor  response  spectrum,  estimation  ot 
which  is  discussed  later.)  Iheretore,  it  t he  response  spectrum  method 
is  used  tor  the  huildimj  analysis,  obtaining  response  spectra  tor  both 
and  V|  is  not  worthwhile.  Ihe  spectrum  tor  Vj  is  adequate  tor  es 
tab  I i shim)  both  structural  and  functional  equipment  test  criteria. 
However,  it  the  time  history  method  is  used,  direct  calculation  ot  Xj 
is  preferred. 

Undamped  Natural  I requeue i es . (or  the  undamped  case,  the  equa 
t ions  tor  determinino  the  natural  frequencies  ot  the  two-deqree-ot 
freedom  system  become 


♦ , v 

" 1 1 


o >>y , 
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1 1 q b] 


» .v  , ♦ c.y , 


where  the  tollowinq  substitutions  have  been  made: 

I . kj/ni|,  the  uncoupled  natural  frequency  ot  the  primary 
system 

.c,  A.j/m,, , the  uncoupled  natural  frequency  ot  the  secondary 

system 

> m. , /m. , the  mass  ratio 


17  N.  M.  Newmark  et  al.,  "Response  Spectra  ot  Sinqle-Ueqree  ot  (roe 
Horn  t last  i(  and  Inelastii  Systems,"  llesjijn  Procedures  ter  Slunk 
Isolation  Systems  ot  Underqround  Protective  Structures,  Volume  111. 

(Rcmmi'i  h and  Technoloqy  division.  Air  force  Weapons 
laboratory,  June  1%4).  43 
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For  a periodic  solution  of  these  equations  correspond nni  to  a 
steady-state  vibration  with  no  external  force  or  base  motion,  consider 
motion  with  frequency  p and  desiqnate  the  relative  displacement  v | 
and  y„  in  terms  of  sprinq  distortions  S and  s,  i.e.,1' 


V,  S sin(pt ) 


V,  s sin(pt) 


1 1 q 6 i 


Upon  substitution  ot  Iq  b and  their  appropriate  derivatives  into  Iq  S , 
the  followinq  matrix  equation  for  the  vibration  ot  the  system  is  oh 
t a i nod : 


Hu  1 1 


In  order  for  vibration  to  occur,  the  determinant  of  the  matrix  in  Iq  7 
must  be  zero.  Forntinq  this  determinant  leads  to  the  followinq  fre- 
quency equation: 


P4  - I U + .mj]  + 0 


Ud  H] 


With  the  use  of  the  followinq  relationship,  in  which  \ .'| 


[iq 


Iq  7 can  be  transformed  into  the  followinq  form: 


4 2 2 } 2 2 
p 2uMiS,opl  ♦ ..'^.'2  0 
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' ' N.  M.  Newmark,  "larthquake  Response  Analysis  ot  Reactor  Structures," 
Nuclear  Engineering  and  Design,  Volume  <’0  ( 1 97 i’ ) . pp  dOd-d.Y. 


The  solution  ot  this  equation  yields 
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lor  the  speeiali/ed  case  when  the  uncoupled  natural  frequencies  ot  the 
primary  and  secondary  systems  are  identical  (i.e.  , »>,  .,),  tiie  true 

natural  frequencies  of  the  coupled  system  are  shifted  away  from  the 

/ * n 

uncoupled  natural  frequencies  by  the  quantity  .a  , .io-1.1'*  I inure  10 
shows  this  relationship  graphically  as  a function  ot  tin1  ratio  p..  and 
the  mass  ratio  >.  lor  example,  if  the  mass  ot  the  secondary  system  is 
one-tenth  the  mass  ot  the  primary  system,  the  coupled  natural  frequencies 
of  the  system  are  1.17  and  0.G5  times  the  uncoupled  natural  frequency. 


figure  10.  True  natural  frequencies  of  the  undamped 

system  of  Figure  d as  a function  of  >,  the 
min  ratio.  Reprinted  by  permission  ot  McGraw 
Hill  Book  Co.,  Inc.,  from  J.  f*.  Pen  Hartog, 
Mechanical  Vibrations  (IPhh). 


,!‘  J.  r.  Pen  Hartog,  Mechanical  Vibrations  (McGraw-Hill  Book  Co.,  Inc., 


Mode  Shapes.  Upon  substitution  of  the  values  for  p from  Eq  11  for 
either  the  first  or  second  mode,  the  equations  for  the  mode  shapes  can 
be  determined  as 
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Participation  Factor.  The  participation  factor  for  each  of  the 


modes  can  be  determined  usinq  the 


• * 4 I,  ; 
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Normalized  Sprinq  Distortions.  Taking  into  account  that  the  node 
shapes  can  be  normalized  to  yield  a participation  factor  of  unity  and 
various  relationships  amonq  the  various  parameters,  the  following  re- 
lationships for  normalized  relative  displacements  or  the  normalized 
spring  displacements  for  each  mode  can  be  determined:1' 


( 1 » ' ) V - 1 | 
2A»  v’-l 
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1 N.  M.  Newmark,  et  al.,  "Response  of  Two-Degree-of-l  reedom  Mastic  and 
Inelastic  Systems,"  Design  Procedures  for  Shock  Isolation  Systems  ot 
Underground  Protective  Structures,  Volume  IV,  TDR-b.1-30%  (Reseat  ch 
and  Technology  Division,  Air  Force  Weapons  Laboratory,  December  1%S). 
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where  t ht'  plus  is  to  be  useii  with  s^  and  the  minus  with  s,. 

For  the  specialized  cases  when  ^ , and  the  input  motions  are 

defined  in  tones  of  a response  spectrum,  the  maximum  response  ot  the 
secondary  system  can  be  estimated.  Usimi  tin'  normalized  values  of 
sprimi  distortions,  the  nodal  response  ot  t tie  system  can  be  obtained 
bv  multiplying  the  values  from  1 1)  IS  by  the  spectral  values  ot  dis 
placement  tor  the  part icular,  frequency  under  considerat ion  and  taking 
t fie  sum  i't  the  absolute  values  of  each  modal  response.  Newmark1'  per 
formed  these  calculations  tor  three  cases:  a constant  spectral  dis 
placement  bound,  a constant  spectral  \elocii\  bound,  and  a constant 
accelera t i on  bound.  Moreover,  the  maximum  value's  rt  s and  S wen'  do 
rived  as  a function  ot  t fit'  mass  ratio,  >.  For  all  three  cast's,  it 
was  noted  that  when  the  frequency  ot  the  secondary  system  is  tuned  to 
the  frequency  ot  the  primary  system  and  the  value  ot  > is  small,  the' 
maximum  response'  of  the  secondary  system  approaches  1 times  the 
spectral  response  value. 

Ixistiruj  Solutions,  since',  in  general,  little'  is  known  about  t Fie' 
vibrational  characteristics  of  the'  equipment . except  perhaps  its  approx 
imate  woiqht,  an  upper  bound  approach  to  the  response  of  equipment  is 
to  assume  that  the  oquinmont  has  a natural  fre'quoncy  equal  to  the'  fre- 
quency ot  the'  support  inq  structure,  i.o.,  ..  j ...  and  tei  calculate  the 
response  e't  the'  equipi’ient  under  this  condition.  Kapur.  biggs,  Newmark. 
and  Crandall  ha x e'  developed  solutions  for  the  model  shown  in  liqure  o 
for  the  elastic  case'.1  The'  primary  differences  in  the  results  obtained 
by  each  e't  t lie's e'  authors  appear  te'  have'  been  caused  bv  the'  nature'  e't  the' 
assumed  excitation.  Kapur  assumed  that  the'  excitation  at  the'  ground. 
Uyt),  was  sinusoidal,  biggs  hypothesized  that  a steady-state  response' 

" N.  M.  Ne'wmark,  "l  arthguake  Response'  Analysis  of  Reactor  Structure's," 
Nuclear  engineering  and  IVsiejn.  Volume  .'0  fl'GY),  pp  aOd-d.Y. 

1 K.  K.  Kapur  ami  L.  C.  Shao.  "Generation  of  Seismic  Floor  Response 
Spectra  for  tquipment  Design,"  Specialty  Conference  on  Structural 
Design  te'r  Nuclear  Plant  Facilities,  Volume  1 (17- lb  December  1°’.'), 

PP  CO-,'1;  J.  M.  biggs  and  d.  M.  Roesset , "Seismic  Analysis  of  equip- 
ment Mounted  on  a Massive  Structure,"  Seismic  Design  for  Nuclear 
Power  Plants,  R.  ,1.  Hansen,  ed.  (MIT  Press,  1'f'cO,  pp  .119-S4.', 

Newmark;  s.  H.  Crandall  and  W.  D.  Mark.  Random  Variation  in  Mechanical 
Systems  (Academic  Press,  l'H'd). 
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condition  ot  the  equipment  was  too  severe  based  on  the  irreyulari ties 
ot  the  qcound  motion  and  the  dampinq  ot  the  structure.  Therefore,  he 
used  t tie  actual  tl  Centro  qround  motion  as  a forcing  function.  Newmark 
used  a simple  step  in  velocity,  and  thereby  obtained  the  accelerat ion 
impulse  response,  from  which  he  derived  ampl i f ication  factors  tor  the 
secondary  equipment,  lhis  method  therefore  does  not  account  tor  the 
possibility  ot  resonance  tun  Id-up  between  the  structure  and  equipment 
and  may  yield  lower  ampl i t icat ion  in  some  cases.  Ihese  three  authors 
obtained  ampl i t icat ion  factors  only  tor  relative  motion  of  the  secondary 
system,  \ ,.  However.  Crandall  as s mik'd  white  noise  excitation,  and  de 
veloped  convenient  closed  form  solutions  for  the  four  variables,  v ^ . 

\ ,,  x | , and  x,.  Thus.  Crandall’s  method  can  be  used  to  address  func- 
tional (as  well  as  structural)  traqility  for  both  the  primary  and 
secondary  systems.  Also,  since'  white  noise  is  closely  related  to  actual 
earthquake  motions, 1 ' Crandall’s  method  nav  be  expected  to  yield  re 
suits  about  the  same  as  Biggs'  method. 

A simple  comparison  was  made  for  all  four  of  these  methods,  in 
parallel  with  a recently  published,  more  rigorous  comparison  ot  Ixapur's 


and  Biggs'  methods.1' 
mode  I of  I i yure  9 : 


le  following  parameters  were  assumed  for  the 


m1  lt'.'b  kips  (/.VS  kN) 
. j 1 .' . 1)4  rad  sec 
0 . 0-1 

m,  10  kips  (44  kN) 

, 1C. 54  rad/sec 

.C,  0.005 


[ tq  i b ] 
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R.  N.  Clough  and  0.  Penzien,  Dynamics  of  Structures  (McGraw-Hi 1 1 
Book  Co.,  inc.,  1975). 

D.  1.  Arthur,  R.  C.  Murray , and  1.  0.  Tokaiv,  "Generation  of  Floor 
Response  Spectra  for  Mixed-Oxide  Kiel  Fabrication  Plants,"  St  rue 
tural  Design  of  Nuclear  Plant  Facilities,  Volume  1-A  (8-10  December 
1975),  pp  94-1  OS. 
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where  Hu'  . ‘s  art1  the  respective  critical  damping  ratios,  these  para 
meters  represent  realistic  values  of  actual  building  and  eguipment 
properties.  •’  The  comparison  was  made  by  calculating  the  amplifica- 
tion factor,  k,  as  the  ratio  of  the  secondary  system  response  to  the 
primary  system  response. 

For  both  Kapur's  and  Biggs'  methods,  special  parametric  curves 
(based  on  damping  ratios)  in  the  respective  reports  had  to  be  used  to 
calculate  the  values  of  k.  For  Crandall's  method,  a first  approxima- 
tion of  the  amplification  factor  is  given  hv 

1 
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where  the  dots  in  the  denominator 

Newmark's  method  the  relation  is 

indicate  higher  order  terms. 

t or 

i k ' 

c L'S  f 

, + * i 
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the  amplification  factors  obtained 

and  17  are: 

for  the  problem  described  by 

tqs  lb 

kapur : 

k 23.0 

Biggs: 

k 10.5 

Cranda 1 1 : 

k 11.3 

Lf-q  20] 

Newmark : 

k 11.3 

Comments  in  the  literature1 

indicate  that  Kapur's  method 

is  prob- 

ably  too  conservative.  Hence,  this  method  is  not  recommended  herein 
for  further  consideration.  Biqos'  , Crandall's,  and  Newmark's  methods 


? J.  0.  Prendergast  and  U.  L.  Fisher,  Seismic  Structural  Design 
Analysis  Guidelines  for  Buildings,  Special  Report  M-206/ADA037  4/ 
ft'l  Rl  , 1977")  . 

1 N.  M.  Newmark  and  W.  J.  Hall,  “Farthquake  Resistant  Design  of 
Nuclear  Power  Plants,"  UfltSCO  .I'ltej'governiiiental  Conference  on 
Assessment  and  Mitigation  of  Farthquake  Risk  (February  19715V 


H 


49 


gave  nearly  equivalent  results  in  this  example,  but  this  consistency 
may  not  be  true  in  general.  Of  the  three,  Newmark's  method  is  the 
simplest  to  apply. 

The  previous  section  presented  a simple  two-degree-ot - freedom 
idealization  of  the  equipment-structure  interaction  problem.  Recent 
studios  by  Newmark  and  Hall  have  considered  rare  complex  primary 
systems  with  a simple  secondary  system  (such  as  that  shown  in  Figure  11) 
The  pri  lary  system  need  not  be  a linear  spring  mass  arrangement;  how- 
ever, the  secondary  system  must  be  a simple  spring  mass  system.  These 
studies  have  indicated  that,  in  general,  the  maximum  response  of  a 
light  equipment  mass  attached  to  a structure  will  not  exceed  the  basic 
response  spectrum  for  the  building  multiplied  bv  an  amplification  fac- 
tor, k,  defined  as  follows 

k = ::  Liq  2 

+ . + , > 

e s 


k 


Figure  11.  Light  secondary  system  added  to  primary 
system. 

N.  M.  Newmark  and  w.  J.  Hall,  "Earthquake  Resistant  Design  of 
Nuclear  Power  Plants,"  UNESCO  Intergovernmental  Conference  on 
Assessment  and  Mi  tigation  of  Earthquake  Risk  ’(February  ld'i'l . 


where  critical  damping  ratio  tor  the  equipment 

c ritual  da  ip i n<3  ratio  tor  the  structure 
s 

* ratio  of  the  generalized  mass  of  the  equipment  to  the  gen 
eral i zed  'ass  ot  the  structure  when  the  iode  shape  is  taken 
so  as  to  have  a unit  part icipation  factor. 

When  Eq  .'I  is  applied  to  the  problem  defined  by  tgs  In  and  1 . a 
value  ot  x S . 1 is  obtained.  This  is  somewhat  less  than  the  previous 
values  shown  in  Ig  .’0.  It  is  recommended  that  the  ampl  i f i cat  i o-  factor 
given  by  Lq  .'1  be  used  with  the  building  response  spec trur  to  construct 
equipment  response  spectra  in  accordance  with  the  procedures  outlined 
in  the  next  two  sections  for  the  following  reasons : 

1.  in  man;  instances,  a pure  In  linear  elastic  analysis  ay  be 
unreasonable  conservative  when  one  considers  that,  even  up  to  the  near 
yield  point  range,  there  are  non  1 i neari ties  ot  sufficient  amount  to 
reduce  required  design  levels  considerably . 

The  computational  simplicity  of  the  expressions  rakes  it  easy 
to  implement.  The  results  of  a routine  modal  analysis  ot  the  building 
will  yield  the  frequencies,  mode  shapes,  and  discrete  lasses  tre  which 
the  generalized  masses  can  be  calculated.  Thus,  all  that  is  required 
are  estimates  ot  the  mass  of  the  equipment  and  the  eguip  ent’s  da- •ring 
value.  \o  elaborate  computation  procedures  are  required  beyond  these 
estimates . 

.'.  The  expression  includes  the  major  parameters  wich  govern  the 
response  ot  the  secondary  system,  i.e. , the  critical  da  ping  ratios  *er 
the  structure  and  the  equipment  and  the  ratio  ot  the  generalized  ass 
of  the  equipment  and  the  structure. 

4.  Through  the  mode  shapes,  the  ampl i f icat ion  factors  \n  be 
modified  to  vield  upper  bound  estimates  of  the  response  ot  equir.vnt 
at  various  floor  levels  in  the  building  as  well  as  the  reef. 

b.  The  fact  that  the  primary  system  experiences  inelasin  defer 
nations  does  not  limit  or  prevent  the  use  ot  this  expression. 


•particularly  significant  because  most  buildings,  including  critwal 
buildings  (such  us  hospitals),  arc  designed  to  undergo  minor  ineiasti 
deformations  during  severe  earthquakes. 


Iquipment  Test  Cri ter iu-- Response 
Spectrum  Method 

tor  most  buildings,  a dynamic  analysis  is  performed  using  tin  re 
sponse  spectrum  modal  analysis  method.  The  information  from  the  re 
sponse  spectrum  modal  analysis,  along  with  the  equipment's  location, 

■i  a ted  wei  :nt . and  damping  ratio,  yields  sufficient  dat i fot 
structing  an  approximate  equipment  response  spectrum  suitable  for  use 
as  waveform  test  criteria.  The  equipment  response  spectrum  should  be 
constructed  in  accordance  with  the  following  steps: 

step  !.  Obtain  the  design  spectrum  used  in  the  dynamic  analyses 
of  the  building  which  incorporates  the  appropriate  critical  damping 
ratio  and  ductility  factor  for  the  building. 

Step  2.  Obtain  the  values  for  the  mass  lumped  at  each  level  ot 
the  buildinn  and  the  natural  frequencies,  mode  shapes,  and  nodal  oar 
ticipation  factors  determined  from  the  dynamic  analysis  of  the  build- 
ing. If  the  modal  participation  factors  are  not  equal  to  unity,  nul 
tipi y each  mode  shape  by  its  respective  partic i pat  ion  taetor  to  obtain 
normalized  mode  shapes  with  participation  factors  equal  to  unity. 

step  a.  Compute  the  generalized  mass  in  each  of  the  odes  using 
the  formula 


t he  j t mode 

i 1 level  of  the  building 
pe  component  for  the  ilt'  mode. 
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where  M.  generalized  mass  in 


m - mass  lumped  at  the 
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4.  Coinpu t «'  t ho  resonant  «»inp  1 i f i o,\ t i on  factors 
by  I lie  eipia  t i on 
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) ( ra  t io  ol  tho  iionora  1 i /i'll  mass  ot  tho  oi)ui  pmont  to  iienera  I i /oil 
mass  ot  tho  ,|  modi'  ot  tho  buildimi. 

Stop  !).  Determine  tho  buildimi’s  design  spectrum  aciolorat  ion 
level,  .i  ^ , tor  oacli  ot  tho  bu  i lit  i mi ' s natural  t roi|uoiii  ios , by  road  i no 
it  directly  from  tho  bui  Id  i mi's  dosion  sport  rum. 

Stop  (i.  Compute  tlio  ordinates  ot  tho  equipment  response  spot  I rum 
«it  each  ot  tho  buildirni's  natural  troi|uomios  from  tho  relationship 
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M(’jt  /.  lonslnul  tin'  equipment  response  spec  (rum  by  plotting  ( hi' 
ordinate.  tor  each  of  (ho  Inii  ldimi's  modes  and  connect  inej  those  points 
by  straight  lines.  Alternately,  the  trequeruv  band  tor  e,n  h ordinate  of 
the  equipment  response  spectrum  may  be  broadened  at  imiIi  of  the 
bui  Minn's  natural  I requinu  Ms  to  amount  for  potential  structural  fro 
quoin  v variations,  lor  Irequemies  below  one-third  the  fundamental 
frequency  of  the  building,  the  equipment  response  sport  rum  is  taken  to 
he  equal  to  the  buildinq  desiqn  spec  t rum  const  ructe'd  tor  a dampinq  ratio 
of  . . For  frequencies  three  times  the  hinhost  natural  frequency  of  t lie 

building  considered  in  the  dynamic  analysis,  the  equipment  response 
spectrum  is  taken  to  be  equal  to  tlu'  building's  desiqn  spectrum,  con 
struct  ion  of  the’  equipment  floor  response  spectrum  is  completed  by  c on 
nor  ting  the'  exist,  itm  portions  of  t ho  equipment  response  spectrum  with 
straight  line",  in  the  regions  near  I lie'  fundamental  and  highest  natural 
I requeue  1 os  o t t lie  bu  i 1 d i mi . 

1 In'  following  example’  illustrates  the  construction  of  a floor  re 
spouse'  spectrum  using  the  procedures  outlined  above.  1 he  example'  con 
siders  an  item  of  heavy  c'e|uipment  mounted  on  the  third  floor  of  a 
three- story  building.  I ho  e'e)  u i pint'll  t is  assumed  t(i  weigh  10  kips  (('  il.'u 
kip  sec  in.)  (1*1  kN  [0.0045  Mku  see'  m))  and  to  have'  a damping  rat  io 
of  ..  0.0.1.  1 he'  buildinej  is  assumed  tei  be'  a simple  steel  rigid  frame 

(figure  l.’a)  also  with  a damping  ratio  of  d,  0.03  and  an  allowable 
ductility  factor  of  u l.!i.  lhe  building  behavior  is  assumed  to  be 
modeled  by  a discrete  lump  mass  system;  I i cm  re  l.'b  shows  the'  mas-e's  c on 
cent  ra  t.ed  at  the  root  and  floor  leve'ls.  1 lie  natural  f requeue  i os , node' 
shapes,  and  me'eta  1 part  ic  ipat  ion  factors  for  the  building  h.ive'  been  pro 
viously  computed  by  modal  analysis  t ec  lin  ique's ; the'  results  are  presented 
m figure  ].\  . 1 I 'urt hormoro,  it  is  assumed  that  peak  >iround  accelera 
lion  tor  the'  location  ot  the  buildinej  is  0.4  g and  that  the  inelastic 

W.  k.  Stockdale,  Seismic  Ppsicjn  Met.hods  for  Military  lacilities 

Preliminary  Ke'e  iiinmenda  t ions , Interim  Report  M I’M.'APAO.’ ' W4  (i  I HI  . 
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1 h roe-story 

Imi  i Id  i tuj 

b.  Lumped  mass  for 

hu 1 Id  inn 

Mode 

Shape  . 

. ]J 

.’.00  Hz 

Mode  1 

Mode  2 

Mode  3 

, 0.407 

6.60  Hz 

Roof 

3.4  76 

-1.670 

0.603 

1 

0.364 

0.93  Hz 

3rd 

2nd 

2.372 

1 . 000 

0.662 

1 . 000 

-0.036 

1 . 000 

0.339 

c.  Natural 

t rei|uenc  i r 

s . iihhIo  shape 

■s  and  modal 

part i e i pa  1 l on  I .u  1 ors 

Norma  1 i ze 

d Mode  Shape 

' ’ i j 

Mode  1 

Mode  .' 

Mode  3 

Roof 

1.41 4 

-0.669 

0.  144 

3rd 

0.966 

0.234 

-0.300 

2nd 

0.407 

0.364 

0.339 

d. 

Normalized  mode  shapes 

M , Genera  1 i zed  Mass 

1 OVOl 

Mass 

Mode  1 

Mode 

Mode  l 

Root 

0.9696 

1 .9(0 

0.303 

0.030 

3rd 

. 067.9 

1 .9,76 

0.113 

0.003 

.’ml 

<’.0670 

0.343 

0.269 

0.  1 10 

y 

4.207 

0.676 

0.331 

e.  Genera  I ized  masses 

Huure  I,'.  I sample  problem.  si  conversion  factor: 

1 kip-sm  2/jn.  (1.0176  Mkn-sec ■ *Vm - 


response  spectrum  for  the  building  was  constructed  in  accordance  with 
the  procedures  in  61  KL  Special  Report  M-209  to  yii'lii  the  design  spectrum 
shown  inti  pure  1 8 . 

Tht'  floor  response  spectrum  is  constructed  as  follows: 

Step  1.  lht>  buil dint) 's  desion  spectrum  was  constructed  for  an  et 
fective  peak  ground  acceleration  of  0.4  u,  a damping  ratio  of  0.08,  ami 
a ductility  factor  of  l.b.  The  acceleration,  velocity,  and  displacement 
bounds  of  the  building's  design  spectrum  below  8 Hz  are 

a 0.82  t) 

v 80.72  in. /sec  (78.0.1  cm/ sec)  [[q  2b 

d 20.16  in. 

Above  38  Hz  the  acceleration  bound  of  the  building's  design  spec- 
trum equals  the  effective  peak  ground  acceleration,  i.e.,  0.4  g.  There 
is  a linear  transition  in  acceleration  between  8 and  88  Hz. 

Step  2.  The  masses  concentrated  at  the  roof  and  floor  levels  are 
shown  in  figure  12b  and  the  natural  frequencies,  mode  shapes,  and  modal 
part ic ipat ion  factors  for  the  building  are  presented  in  figure  12c. 

Since  the  modal  participation  factors  are  not  equal  to  unity,  each  mode 
shape  must  be  multiplied  by  its  respective  participation  factor  to  pro- 
duce a normalized  mode  shape.  The  normalized  mode  shapes  are  presented 
in  figure  I2d.  For  example,  the  calculations  associated  with  computing 
the  normalized  mode  shape  for  the  first  mode  are  illustrated  below: 


i.i 

r . ■ 

j i.i 

'31 

0.407 

(3.47b) 

1.414 

^2 1 

0.407 

(2.372) 

0.96  b 

' 1 1 

0.407 

( 1.000) 

0.407 

S6 


Step  Ini'  iit’iuMM  1 i .’rd  mass  in  each  of  tho  modes  is  computed 
using  the  masses  concentrated  at  each  level  of  the  building  and  tin 
normalized  mode  shapes  from  Step  1’.  these  calculations  are  summarized 
in  f i qu re  I 7e  and  yield 

M.  I.. ’1)7  kip  sec'  in.  (0.740  Mkg-sec‘"/in) 

> O 

M,  0 . b 7 b kip-sec  /in.  (0.012  Mkg-sec^/m)  < tq  ,’7J 

M,  0.221  kip-sec^/in.  (0.004  Mkq-sec^/m) 

S i ni  e I iie  equipment  is  iiiodeled  as  a s i nqle-deqree-ot-f reedom  system, 
the  generalized  mass  tor  the  equipment  is  equal  to  its  actual  mass. 

')  o 

i.e.,  0.7b  kip-sec’  in.  (0.004b  Mkg-sec’/m). 

Step  4.  The  resonant  ampl i t icat ion  factor  for  each  of  the  modes 
is  calculated  by  Iq  77  as  follows: 

K . 1 7.21 

0.0.1  * 0.03  * ,0.076/4.207 

Is.  ---------  --  3.90 

0.03  +■  0.03  + ,’0.026/0.672 

k,  ■ - --1 - 2.48 

0.03  + 0.03  + ,0. 026/0.  '27 1 

Step  b.  from  figure  13,  the  building's  design  spectrum  accelri,: 
t ion  levels  at  each  of  its  natural  frequencies  are 

a]  0.82  g 

a 2 °-82  « 1 Cq  78  ] 

a , 0 . 76  g 

Step  6.  Since  the  equipment  is  located  on  the  third  floor,  i.e., 
thc>  second  level . the  mode  shape  ordinates  for  both  the  third  floor  and 
root  level  are  required  to  compute  the  ordinates  of  the  equipment  floor 

58 


urii;tiV;«r  1 1 *****  ’ 


response  spec  t run  .it  each  of  t he  building's  natural  frequencm"  Iheso 
values  aro  obtained  directly  from  figure  K’d.  I ikewise,  K and  a^  worn 
determined  in  Step  4 and  Step  5,  respectively.  The  floor  response 
spectrum  ordinates  are  determined  using  fq  .’4: 


, ,,  0.46b  n o-, 

1 1.114 


j.' o.« 


•1 . 03  i) 
1 . 34  q 


°-76 


Step  7.  To  construct  the  floor  response  spectrum,  the  plotted 
acceleration  ordinates  determined  in  Step  6 were  connected  with  straight 
lines.  At  frequencies  of  below  ( 1 / 3 ) f ^ 0.67  He  and  above  *f  . ’ ■’  He 

the  spectrum  is  taken  to  be  equal  to  the  building's  design  spectrum.  To 
complete  the  construction,  the  existing  portions  ot  the  spectrum  were 
connected  with  straight  lines  to  form  the  spectrum  shown  in  figure  14. 

Lquipment  Test  Cri ter i a- -Time 
History  Method 

When  a dynamic  analysis  ot  the  building  has  been  performed  tn  the 
time-history  modal  analysis  method  or  direct  step-by-step  integrat.on 
of  the  equations  of  motions,  time  histories  of  the  response  at  the 
various  floor  levels  will  generally  be  available,  lhis  analysis  ian  be 
applied  in  either  case.  To  generate  equipment  test  criteria,  the  time 
histories  of  the  floor  response  should  be  arranged  to  yield  absolute 
accelerations  of  the  floors.  The  resulting  acceleration  time  histories 
may  be  used  to  formulate  equipment  test  criteria  in  either  of  two  wavs. 

Ihe  acceleration  time  histories  may  be  used  to  compute  floor  re 
sponse  spectra,  with  the  test  criteria  being  formulated  in  terms  ot 

J.  S.  Bendat  and  A.  G.  Piersol,  Random  Data:  Analysis  and  Measure 
merit  Procedures  (Wi  ley-Interscience,  1971). 
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floor  response  spectra  as  in  tne  previous  section.  Alternately,  the 
acceleration  time  history  for  a specific  floor  is  sufficient  to  define 
test  criteria  for  equipment  at  this  location  in  the  structure.  Thus, 
the  acceleration  time  history  may  be  used  directly  as  the  input  to  a 
shake  table,  provided  the  maximum  acceleration,  velocity,  and  displaie- 
ment  values  associated  with  the  acceleration  time  history  are  wi  hin 
the  table's  physical  capabilities. 

In  practice,  the  number  ot  different  earthquake  time  histones 
used  to  define  the  seismic  excitation  of  the  buildinq  is  ueneralh 
limited  to  one  or  two;  consequently,  the  corresponding  numbei  ot  t me 
history  response  solutions  is  limited.  Since  the  true  earthquake  tint- 
history  tor  a future  earthquake  cannot  be  predicted,  the  true  resputise 
cannot  be  calculated,  furthermore,  the  uncertainties  in  estimating 
structural  parameters  used  in  the  analysis  of  the  primary  structure 
can  cause  uncertainties  in  the  response  calculations . It  is  therefore 
highly  desirable  to  apply  appropriate  statistical  methods,  even  it 
only  one  acceleration  trace  is  available.  The  statistical  methods 
described  below  address  the  case  in  which  only  one  acceleration  trace 
is  available  from  a time  history  solution. 

The  typical  acceleration  trace  under  consideration  is  assumed  to 
be  a nonstationary  random  trace  ''  which  has  a Fourier  transform  and 
is  nonzero  over  a finite  time  interval,  T.  The  nonst ationary  property 
means  that  its  statistical  properties  are  not  constant  with  respect 
to  time. 

Let  - a C t ) denote  the  floor  acceleration  time  history.  The  use 
of  brackets  around  the  variable  denotes  that  the  function  is  random. 
This  function  may  be  written  as  the  product,  of  two  functions,  each  ot 
which  is  more  amenable  to  analysis: 

l a ( t ) 1 v(t)  io(t)l  lu' 

J.  S.  Benda t and  A.  (i.  Piersol,  Random  Data:  Analysis  and  Measure- 
ment Procedures  (Wi ley- Interscience,  1971). 
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whore  ,(t)  is  do  term  n i s t i c , and  i(t)i  is  .1  stationary  random  function 
having  a mean  value  of  zero  and  a variance  of  unity. 

,(t)  may  tv  identified  as  an  intensity  function"  which  is  always 
positive  (i.e.,  , (t)  0).  This  function  can  be  obtained  by  first 

squaring  -,a(t)  to  obtain  a ‘ ( t ) i . and  then  short-time  averaging  (or. 
equivalent  Iv . low-pass  filtering)  the  squared  function.  Then  v(t)  is 
an  estimate  ot  the  tine- varying  root-mean-sguare  value  of  iu(t)  It 
manv  acceleration  traces  (i.e.,  an  ensemble)  of  ia(t):  were  available, 

(t)  could  ho  calculated  more  accurately  In  ensemble-averaging.  1 ho 
time  averaging  is  acceptable  when  only  one  trace  is  available. 

figure  lba  shows  a typical  trace  of  (a(t)l.  figure  lbb  shows  a 
possible  appearaine  ot  , (t)  obtained  from  . a ( t ) by  short-time  averaging. 
It  a(t)  is  divided  by  y(t)  point  for  point  in  time,  the  result  is 
■o(t.)}: 


v(Ol 


■ a ( 1 1 1 
,(t) 


[tq  -10] 


which  will  be  stationary  random  with  a mean  of  core  and  variance  of 
unity,  figure  1 be  shows  the  possible  appearance  ot  .x ( t ) 

The  frequency  content  ot  ia(t)T  will  be  composed  ot  vibrations  at 
or  near  the  natural  frequencies  ot  the  building.  The  conventional 
method  tor  analyzing  the  frequency  content  ot  stationary  random  data  is 
through  spectral  density,  which  is  closely  associated  with  and  involves 
the  fourier  transform. ’ " Spectral  density  is  basically  a statistical 
method  ot  viewing  data  as  a function  ot  frequency,  for  an  acceleration 
trace,  such  as  \(t)  , the  spectral  density  * an  be  calculated,  and  its 
units  are  in  terms  of  acceleration  squared  per  hertz.  Details  of  the 
calculation  are  well  documented  ''  and  will  not  bo  given  here.  The 

' R.  N.  Clough  and  d.  Penzion.  Dynamics  of  Structures  (McGraw-Hill 
Book  Co..  Inc.,  1975). 

J.  S.  Benda t and  A.  G.  Piersol  . Random  Data:  Analysis  and  Measure 
ment  Procedures  (Wiley  Int ersc i once , 1971). 

" Benda t and  Pierjtol. 

Benda t and  Piersol. 


stationary  spectral  density  calculated  trori  i(t)  will  hi-  denoted  a lift), 
where  t is  frequency. 

Haute  16a  shows  a typical  plot  of  how  G(f)  could  appear.  ' ht 

natural  frequencies  of  the  buildinq.  shown  as  t , t , t . and  f . .hould 

I i J *4 

be  positions  of  peak  values  of  6(f),  indicating  that  these  frequencies 
are  dominantly  present  in  the  data.  The  effect  of  structural  duct  Hi  tv 
would  be  to  blunt  the  peaks  and  essentially  smear  then  toward  the  lower 
f requeue ies . 

A standard  error.  , can  be  calculated  for  a spectra!  density. 

This  error  is  a function  of  both  the  amount  of  data  available  and  the 
desired  spectrum  resolution  band  width.  The  standard  error  ran  be 
quite  large  it  only  one  data  trace,  a(t)  , is  available  for  sptstial 
analysis.  The  value  of  can  be  used  to  establish  upper  confident e 
bands  on  tne  calculated  spectral  density  curve,  G(f).  Hqure  lob  shows 
G ( f ) and  two  curves  above  it  at  the  +1  ■ and  H' ■ It'vels;  there  will 
be  a 50  percent  probability  that  the  true  spectrum  falls  below  G(f), 

S4. 1 percent  probability  at  the  H curve,  and  a °7.9  percent  probabil- 

ity  at  the  +2o  curve. 

Any  multiple  of  the  standard  error  can  be  selected  to  increase  the 
statistical  confidence  level  in  any  frequency  range  of  the  spectral 
density  curve.  A new  shaped  spectrum  can  then  be  used  to  generate  cor- 
responding random  floor  acceleration  traces  for  use  in  drivina  a shake 
table.  The  standard  error  can  be  reduced  if  more  acceleration  traces 
such  as  a(t)i,  are  available  at  the  same  floor  location,  as  generated 
from  artificial  earthquake  motions  having  identical  statistical  proper- 
ties. Technology  available  for  the  conversion  of  spectral  density  func- 
tions into  time  history  motions  is  discussed  in  the  next  section. 

To  summarize,  if  a time  history  floor  acceleration  trace  ialt);  is 
available,  it  may  be  used  directly  as  a test  criterion  to  drive  a shake 
table,  assuming  that  the  required  motions  are  within  the  physical  limits 
of  the  lab  facility.  In  this  case,  the  errors  in  both  intensity  and 
frequency  content  of  a ( t ) can  be  quite  largo  because  of  uncertainties 
in  ground  motion  and  building  structural  parameters.  Statistical  con- 
fidence can  be  increased  by  spectral  density  analysis.  By  selecting  a 
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higher  confidence  level  of  the  spectrum  based  on  either  its  overall  or 
band  limited  standard  error-,  a new  acceleration  trace  can  be  generated 
and  used  as  the  test  criterion  to  drive  a shake  table. 


Development  ot  Test  Waveforms 

The  final  phase  in  specifying  test  criteria  for  equipment  is  the 
conversion  of  the  frequency  domain  representation  ot  the  data  and  the 
amplitude  intensity  function  into  acceleration  time  histories  for  use 
in  driving  a shake  table. 

The  previous  sections  recommended  that  the  frequency  representa- 
tion from  a time-history  approach  be  in  the  form  ot  spectral  density, 
while  that  from  a response  spectrum  approach  be  in  the  form  of  a shock 
spectrum.  The  amplitude  intensity  function,  ,(t),  is  generated  in  the 
process  ot  finding  the  effective  stationary  spectral  density  from  the 
time  history  approach,  for  the  response  spectrum  approach,  the  intensity 
function  is  not  obtained  or  carried  through  the  derivations,  and  should 
be  at  least  roughly  estimated  before  test  waveforms  are  generated,  for 
this  purpose,  a crude  intensity  function  may  be  formed  from  an  envelope 
of  the  positive  peaks  of  a representative  earthquake  ground  acceleration 
time  history,  normalized  to  a maximum  value  of  unity. 

Several  computer  programs  are  available  for  conversion  of  test 
criteria  into  acceleration  waveforms.'3  The  SINQKE  program  appears 
most  appropriate  for  this  work.  This  program  can  generally  be  used  in 
three  modes,  or  options.  In  all  options,  the  primary  output  is  an  ac- 
celeration trace,  and  an  intensity  function  can  be  prescribed  as  input 
data.  In  option  1,  the  primary  input  is  a target  shock  response  spec- 
trum for  use  from  a response  spectrum  approach.  In  option  the  spec- 
tral density  is  specified  for  use  from  a time  history  approach.  Option 
3 allows  the  user  to  re-input  a previously  generated  spectral  density 
and  to  specify  desired  changes  in  its  shape. 

r:  R.  P.  Schmitz  and  (3.  Chan,  T valuation  and  Illustration  of  Waveform 
Synthesis  Techniques  for  Earthquake  Design  and  Analysis  Application 

perry  Rand  Corp. , January  1 974 ) ; ST  Gasparini , SIMQKE : A Prog ran 
for  Artificial  Motion  Generation,  National  Science  Foundation  Grant 
ATA  74-06935,  Internal  Study  Report  No.  3 (Department  Of  Civil  higi- 
neering,  MIT,  January  1975). 
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TEST  REPORT  REQUIREMENTS 


lest.  results  must  be  reported  using  the  detailed  i nton  in  t ion  and 
report  format  requirements  defined  in  Mll.-STD-8.il.11  Ihe  supplemen 
tary  comments  provided  here  do  not  override  or  contradict  those  require 
merits.  When  doubt  exists,  the  provisions  of  the  military  standard 
should  govern  the  course  of  action  in  reporting  test  results.  II il 
Standard  344- 197b  ’ also  provides  relevant  information  on  reporting 
resul ts . 

Supplementary  1 n format  ion 

fare  must  be  taken  to  insure  that  test  data  can  be  interpreted  with 
a minimum  of  subjectivity.  A complete  test  report  should  be  required. 
The  cost  of  such  a report  is  expected  to  be  relatively  small  compared  to 
the  costs  of  equipment,  time,  and  labor.  A typical  report  should  m 
elude  the  following: 

I.  A detailed  description  of  why  the  unit  must  be  tested  and 
what  results  are  considered  important. 

3.  The  authorizing  agency,  the  funding,  and  the  time  schedule 
res tri c ti ons . 

3.  A description  of  the  unit  to  be  tested  in  terms  of  wher  or 
how  it  fits  into  a critical  system  or  subsystem,  and  what  components 
are  to  be  tested.  Critical  interfaces  with  other  systems  should  also 
he  described.  (See  also  the  definition  of  lest  File  in  Mil  sTPGtl.) 

4.  A description  of  the  operating  conditions  undet  which  the  unit 
must  be  tested,  including  such  information  as  pressures,  temperature's, 
flow  rates,  etc. 

' 1 Preparation  ot  Test  Reports,  MII.-STD-831  (Headquarters , Defense' 

Supply  Agency,  Standardization  Division,  28  August  1963). 

1 1111  Recommended  Practices  for  Seismic  Qualification  ot  Class  ll 

equipment  for  Nuclear  Power  Generating  Stations,  1111  844  197S 


A definition  of  what  constitutes  functional  and/or  structural 
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failure  of  the  test  unit  in  general  and  the  components  ot  equipment 
in  particular. 

6.  The  loading  requirements,  which  should  be  specified  before 
testing  is  authorized.  The  required  100  percent  test  level  should  be 
recorded  as  specified,  usually  in  the  form  of  a shock  spectrum. 
Variations  ot  this  loading  for  special  conditions  should  be  stated  in 
detoi  1 . 


•.  A description  of  the  testing  machine's  dynamic  capabilities  in 
terms  of  maximum  displacement , velocity,  acceleration , frequency  range, 
table  weight,  test,  mass  weight,  or  any  other  pertinent  specifications. 

0.  A description  of  the'  instrumentation  used;  the  calibration 
date  should  be  given,  along  with  a specification  that  the'  calibration 
system  be  traceable  to  the  National  Bureau  ot  Standards. 

d.  A description  ot  all  testing  methods  and  all  detailed  proce 
dures  tor  conducting  the  tests.  The  procedures  should  be  recorded 
as  testing  progresses.  ( ach  action  should  be  listed  on  a tabulated 
form  so  that  events  can  be’  read  in  chronological  order;  in  particular, 
all  anomalies,  failures,  and  corrective  actions  should  be  described. 

It'.  A standard  tabulation  format,  which  should  be  used  to  summarize 
test  results.  Ibis  format  , as  described  below,  should  include  sufficient 
information  to  assess  the’  hardness  ot  the  unit  without  further  reference 
to  detailed  methods  and  procedures.  Ihis  summary  tabulation  is  recom- 
mended in  addition  to  the'  roe]u  i rement  for  a tabular  summary  sheet  in 

mu  srn-s.n. 

II.  An  appendix  containing  all  raw  test  data  in  tabular  form. 


le'st  Summary  format 

The  purpose  of  the'  test  summary  format  is  to  provide  a standard 
pivsentat i on  trom  which  enough  significant  information  can  be  extracted 
to  facilitate  assessment  ot  the'  unit's  hardness,  figure  IS  illustrates 
a suitable'  format  and  typical  entries.  The  following  minimum  informa- 
t i on  shou  1 el  tie  prov i ded : 


/() 


- ..  . 


I.  Heading  information,  including  a title,  description  of  the 
unit,  the  test  machine  used,  and  the  date  or  span  of  dates  over  which 
test! mi  was  conducted. 

1 tie  axis  or  axes  of  testing. 

Identification  of  the  tests  by  number  in  chronological  order. 

4.  Loading  information  coded  for  reference  to  a time  history, 
shock  spectrum,  or  other  authorized  loading  requirement  shown  elsewhere 
in  the  report;  the  percent  of  full-scale  level  should  also  be  shown. 

5.  A brief  description  of  every  failure.  Corrective  action  need 
not  be  listed,  since  it  should  be  provided  elsewhere  in  the  report. 

6.  The  test  engineer's  opinion  about  whether  the  unit's  failure 
is  qualifying  ((])  or  lingering  (F).  When  there  is  sufficient  doubt, 
the  engineer  should  consult  an  expert. 

7.  The  test  engineer's  opinion  about  whether  the  failure  is  con 
sistent  (C)  or  independent  (I).  Again,  consultation  with  an  expert 
may  be  necessary.  This  information  is  not  complete  until  the  scheduled 
testing  is  finished  and  the  types  of  failures  are  reviewed.  Further 
testing  may  be  recommended  if  independent  failures  are  recognized. 

Hardness  Assurance  or  Assessment 

It  testing  will  be  conducted  by  the  unit's  manufact urer,  achiev- 
ing hardness  assurance  may  be  possible.  In  this  case,  all  consistent 
failures  should  be  identified  and  eliminated  bv  redesign,  and  the  unit 
retested  for  verification  of  hardness.  The  report  should  include  the 
results  of  the  original  design's  test  it  the  unit  is  already  operational 
at.  any  critical  facility.  Authorization  for  the  mass  production  and 
purchasing  of  hardened  units  must  not  be  automatical ly  assumed  by  a 
manufacturer,  since  further  contract  negotiations  will  be  necessary 
before  hardening  all  production  units. 

It  independent  failures  are  identified,  hardness  assurance  may  In' 
difficult  or  impossible  to  achieve  with  available  time  and  tunds.  In 
this  case,  the  testing  facility  should  request  authority  for  more  ex- 
tensive testing  than  originally  planned.  The  goal  will  then  be  to 


collect  enough  test  data  to  provide  a reasonably  accurate  hardness 
assessment.  If  test  analysis  capability  for  hardness  assessment  does  not 
exist  and  independent  failures  occur,  the  hardness  assessment  and  cal- 
culation of  the  probability  of  failure  may  be  accomplished  later  if  a 
complete  and  accurate  report  is  prepared  when  the  tests  are  performed. 


(3  SUMMARY  Ann  CONCLUSIONS 


This  report  has  presented  procedures  for  establishing  test  criteria 
for  seismic  qual i f ication  ot  essential  equipment  in  critical  facilities 
and  provided  guidance  for  interpret ing  test  results.  The  following 
sections  summarise  conclusions  drawn  in  developing  these  procedures  and 
guidance. 

Procedures  for  establishing  Seismic 
lest  Cri teria 

Ihe  major  tasks  in  the  seismic  qualification  testing  of  essential 
equipment  were  identified  as  (1)  test  criteria  formulation,  (2 ) test 
facility  selection,  (3)  test  unit  formulation,  (4)  establishment  ot 
test  qual if ication  requirements,  and  (5)  interpretation  of  test  results. 

Development  of  test  criteria  was  identified  as  being  composed  of  four 
subtasks:  (1)  test  axis  selection,  (2)  statement  of  operating  config- 
uration, (3)  definition  of  expected  failure  modes,  and  (4)  description 
of  the  shock  environment  which  can  be  transformed  into  a time  history 
waveform  to  drive  a shake  table.  The  first  three  subtasks  must  be  es- 
tablished on  a case-bv-case  basis  and  have  not  been  addressed  in  detail 
in  this  report. 

A test  waveform  can  be  generated  from  a frequency  domain  descrip- 
tion ot  the  environment  and  a time-dependent  intensity  function.  The 
frequency  domain  presentation  can  be  in  the  form  of  a floor  response 
spectrum  or  a spectral  density.  The  uncertainties  in  estimating  ground 

{ 

oks t i on  and  building  structural  parameters  can  be  accounted  for  by  in- 
creasing the  statistical  confidence  (or  percentile  level)  of  the  fre- 
quency presentation.  The  state  of  the  art  of  generating  floor  response 
spectra  for  inelastic  structures  has  been  provided,  together  with  an 
example  problem.  The  use  of  spectral  density,  which  requires  time 
history  solutions  of  floor  motion,  has  been  limited  to  academic  studies 
and  was  therefore  simply  outlined. 

Ihe  intensity  function  may  be  roughly  estimated  it  floor  response 
spectra  are  used.  This  function  can  be  calculated  directly  it  time 

history  floor  motions  are  available. 
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Hu'  convers i on  tit  the  frequency  presentation  and  tfit'  intensity 
function  to  generate  a test  waveform  was  outlined.  Use  of  the  si  MOM 
computer  program  appears  suitable  for  this  task.  It  a time  history 
floor  at  toleration  traro  is  available,  it  may  be  used  directly  t o 
drive  a shake  table  it  the  resulting  motions  are  within  tne  physical 
limits  of  tin1  test  facility.  Statistical  confidence  can  be  increased 
by  increasing  the  amplitude  of  this  trace,  but  the  degree  ot  con- 
fidence achieved  is  difficult  to  estimate  without  obtaining  a spectral 
dens i ty . 

Interpretation  ot  Failure  Data 

Units  tested  in  the  Stl.  1SI  program  are  similar  to  those  found  in 
hospitals  and  other  related  critical  facilities.  The  shock  environment 
was  not  the  same  as  expected  from  earthquake  motion;  the  SG  T St  environ- 
ment was  more  severe  above  4.0  He  and  less  severe  below  this  frequence 
Nevertheless,  the  experience  was  considered  valuable  for  guidance  in 
future  test  projects. 

The  organi.-at  ion  and  execution  of  the  SG/TSl  program  led  to  do 
volopmont  of  a glossary  of  forms  and  an  ampl ificat ion  of  tost  report 
requ i foment s . The  judicious  selection  of  test  units  appeared  to  bo  an 
important  economical  consideration.  The  test  reports  showed  that 
failures  could  bo  clearly  labeled  in  most  cases  as  qualifying  or 
lingering,  and  as  consistent  or  independent.  These  labels  reflect  tin' 
significance  of  a failure  in  functional  performance  and  repeatabi 1 1 t > , 
res pec  t i vely . 

Failure  data  from  proof  or  fragility  testing  cannot  be  associated 
uniquely  with  a precise  test  level.  Instead,  a failure  must  be  reoarded 
as  possible  at  any  other  test  level  at  or  below  the  actual  test  level 
at  which  it  occurred.  Hence,  the  test  level  is  an  upper  bound  ot 
failure,  when  failure  occurs  from  this  type  of  testing.  In  contrast,  a 
failure  from  strengths  or  fatigue  testing  is  associated  with  a unique 
load  level  at  which  the  failure  occurs.  Confusion  between  these  two 
distinct  types  ot  tost  results  should  be  avoided,  sinoe  the  estimatioi 
of  the  probability  of  failure  is  different  in  each  case. 


APPENDIX : 


SG/lSf  TEST  SUMMARY 

lit’iit'iMl  1 qu i pnent  and  Motor  Control 
Con  tor  Tests 

1 wo  different  procedures  for  hardness  assurance  testing  wo r'o  iden- 
tified in  the  SAFEGUARD  program  1 1 In  this  program,  many  of f-the- she  1 1 
items  of  support  equipment  were  tested  which  are  similar  to  those  used 
in  essential  systems  of  critical  facilities.  Even  though  the  test  en- 
velopes for  SAFEGUARD  were  not  what  would  be  required  for  critical  fa- 
cilities, the  experience  and  qualitative  results  should  be  directly 
appl it  able. 

The  method  used  for  most  units  involved  proof  testing  at  SO, 

75,  and  I JO  percent  ot  tin'  expected  shock  environment.  The  second  method 
was  used  exclusively  on  five  motor  control  centers,  each  ot  which  was 
submitted  to  more  than  four  test  levels  at  and  below  the  100  percent 
level.  The  types  of  failures  recorded  in  each  group  were  s i on i f i cant  1 v 
d i f fere nt. . 


fifty-eight  independent  units  were  proof  tested.  Table  A1  lists 
these  units,  most  of  which  were  similar  to  equipment  considered  es- 
sential for  hospitals  isee  Table  1). 

Column  1 of  [able  A1  lists  the  units  of  equipment  in  numerical 
order.  Each  unit  was  assigned  a distinct  full  test  level,  and  every 
item  of  equipment  within  a unit  received  the  same  shock  environment  m 
its  appropriate  mounted  configuration. 

Column  2 provides  a brief  description  of  each  test  unit.  Indented 
under  the  test  unit  description  is  a listing  of  the  primary  items  of 
equipment  contained  in  the  unit.  The  listing  ot  equipment  is  necessarily 
abbreviated,  with  code  letters  designated  to  the  equipment  for  brevity. 

Subsystems  Hardness  Assurance  Analysis,  1INDSP- 73-lbl-l  D-R  (U.S.  Army 
Corps  of  Engineers,  Huntsville  Division,  December  1R74). 
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Table  A1  (Cont'dJ 


1)  Indicator  cam  follower 
fel 1 off  cam 


Column  3 shows  the  test  levels  used  in  order  of  increasing  per- 
centages of  the  full  proof  test  level  assigned.  A composite  envelope 
of  these  spectra  is  given  in  figure  1 in  the  main  text.  Column  4 gives 
the  number  of  tests  held  at  each  test  level.  Column  5 shows  the  mode 
of  testi  ng — ei  ther  a uniaxial  (U)  or  biaxial  (11)  environment  was  pro- 
vided . 

Columns  6 and  7 list  the  number  of  structural  (S)  and  functional 
(F)  failures  which  degraded  the  equipment  in  some  respect,  but  did 
not  render  it  or  any  interfacing  equipment  inoperable  tor  a signin' 
cant  period  of  time.  These  failures  have  been  defined  (Chapter  1)  as 
"qualifying."  In  a similar  manner,  columns  8 and  9 list  failures, 
defined  as  "lingering,"  which  obviously  required  equipment  downtime  for 
repair.  Column  10  summarizes  the  information  of  the  previous  four  col- 
umns by  showing  that  the  equipments  passes  (P),  passed  qualified  (Q), 
or  failed  (F)  the  test  environment.  The  remarks  ot  column  II  provide 
brief  descriptions  of  the  failures  of  all  types  encountered. 

The  following  summary  was  derived  from  the  information  in  the 
table.  Ot  the  units  tested,  06  passed  all  levels  (46  percent),  while 
two  fa i 1 ed  all  levels  (3  pe rcen t ) . 

A total  of  968  tests  were  held  on  all  units,  often  in  orthogonal 
directions.  Tests  were  held  primarily  at.  the  four  levels  mentioned 
above.  A tew  tests  were  held  below  the  05  percent  level,  and  others 
were  held  as  high  as  the  140  percent  level.  A total  of  430  failures 
were  recorded.  Of  the  failures,  84  percent  could  be  repaired  imme- 
diately, or  had  a degrading  effect  which  did  not  seriously  impair  the 
unit's  function  (qualifying  failures).  The  remaining  16  percent  of  the 
failures  produced  lingering  effects  and  required  a significant  amount  ot 
time  to  correct. 

Table  A0  lists  the  percentage  of  failures  at  each  ot  the  tour 
primary  test  levels,  t o aether  w i t h the  percentage  ot  qualifying  fail- 
ures (1,1)  and  the  percentage  of  lingering  failures  (F).  At  the  100  per- 
cent level,  for  example,  there  were  411  tests  yielding  005  failures 
(54.7  percent).  Of  the  failures,  33.3  percent  were  qualifying,  while 
the  remaining  01.4  percent  produced  lingering  effects. 


Table  A2 


Ta i lure  Summary  from  General  Equipment  Tests 


Full  lest. 
Love  1 

No.  of 
Tests 

Comb  i tied 
Fail ures 

Qua  1 i t j i ng 

Fai  1 ui~es 

(Q) 

L i nger i ng 
Fail ures 

(f  ) 

25 

70 

5.7, 

5 . 7 

0.0. 

50 

1 o 3 
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197 

37.1 

31.5 
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100 

411 

54.7  , 

33.3 

l\  .4 

Five  independent  motor  control  centers  were  tested,  with  failures 
recorded  for  all  units. 

One  hundred  and  seventy-two  tests  were  held  at  numerous  test 
levels  in  three  orthogonal  axes;  an  average  of  34  tests  (11  in  each 

It 

axis)  was  held  for  each  unit..  A total  of  92  failures  (93  percent)  was 
recorded,  22  (13  percent)  of  which  were  qualifying,  and  ’0  (40  percent) 
of  whicli  produced  lingering  effects.  The  further  breakdown  of  percen 
tages  for  qualifying  and  lingering  failures  does  not  appear  to  be 
meaningful,  since  correlation  with  test  levels  is  necessary.  In  this 
case,  the  numerous  and  inconsistent  variety  of  test  levels  rendered 
such  a tabulation  impractical. 


Types  of  Failures 

failures  have  already  been  classified  as  qualifying  or  lingering 
according  to  ease  of  repair  or  time  delay.  It  is  desirable  to  report 
all  failures  for  future  reference.  However,  in  current  procedures  for 
recording  failures,  tlie  required  time  for  repair  is  usually  not  indi 
cated.  Therefore,  it  is  often  difficult  to  review  test  reports  for 
the  purpose  of  identifying  trivial  or  significant  failures.  This  ex- 
perience led  to  the  proposed  specification  that  the  test  engineer  re 
cord  his/her  opinion  about  the  amount  of  repair  time  required  The  opinion 
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can  tv  reviewed  and  corrected  by  more  qualified  personnel,  it  neces- 
sary. Even  knowledge  tiiat  the  time  delay  was  unknown  would  be  helpful. 

Failures  observed  in  the  SAFEGUARD  data  could  be  classified  fur- 
ther according  to  consistency  or  independence.  Often,  more  than  one 
consistent  failure  was  observed  to  occur  at  a single  test  level.  It 
is  roughly  estimated  that  more  than  90  percent  of  the  failures  which 
occurred  during  the  general  equipment  tests  were  of  this  type.  The 
estimate  is  rough  because  the  recorded  results  were  not  oriented  so 
that  this  type  of  failure  could  be  clearly  identified.  When  such  a 
failure  occurs,  there  is  no  doubt  that  it  must  be  eliminated  by  harden- 
ing or  isolating  the  unit  to  withstand  the  environment. 

In  contrast,  the  failures  recorded  from  the  motor  control  center 
tests  were  very  inconsistent;  i.e.,  the  same  failure  might  or  might  not 
occur  more  than  once  at  the  same  level  or  at  different  levels.  Usually, 
repairing  the  failure  after  one  test  would  have  no  significant  influence 
on  whether  or  not  the  same  failure  would  occur  for  any  other  test.  In 
general,  the  higher  the  test  level,  the  greater  the  probability  of 
having  one  or  more  failures  of  this  type.  Statistically,  such  failures 
are  independent.  Estimating  the  probability  of  failure  is  more  diffi- 
cult in  this  case,  requiring  the  use  of  conventional  methods  of  proba- 
bility and  statistics.  When  independent  failures  occur,  it  is  especial- 
ly important  to  conduct  a sufficient  number  of  tests  at  preferred  test 
levels  to  more  accurately  predict  the  probability  of  failure. 

CLRl  Special  Report  M-209  provides  a statistical  method  for  esti- 
mating the  probability  of  failure  for  independent  failures  and  for  cal- 
culating the  accuracy  ot  the  estimation.  The  results  of  this  analysis 
provide  criteria  tor  planning  the  number  of  tests  and  test  levels  when 
independent  failures  occur. 

Typical  failure  Modes 

Eventually,  it  will  be  necessary  to  generate  sped f icat ions  tor 
designing,  mounting,  and  procuring  critical  equipment;  however,  it  is 
not  feasible  to  consider  providing  specifications  for  all  such  equipment 
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in  the  near  future.  A more  reasonable  approach  would  be  to  determine 
what  failures  have  occurred  most  often  durinq  testing  or  from  direct 
exposure  to  the  hazardous  environment.  Priorities  may  then  be 
established  for  attacking  the  various  modes  of  equipment  failure  in 
order  of  importance. 

The  most  complete  listing  of  equipment  failure  modes  encountered 
until  now  appears  to  be  from  SAFEGUARD  test  data.  On  the  component 
level,  failure  modes  observed  in  the  SAI 1 GUARD  data  are: 

1 . Piping  fa i lures : 

Joint  leakage 

Joint  shear 

Joint  separation 

Pipe  burst 

Braces  bent 

Brace  bolt  sheared 

Valve  failure  (check) 

Valve  chatter 

2.  Indicator  failures 

Pressure 
Temperature 
Liquid  level 
Flow  rate 

3.  Sensing  device  failures: 

Transducer  shear-off 
Wires  cut 

Inadvertent  switch  actuation 

4.  Machinery  failures: 

Pump  cavitation 
Pump  leakage 

Motor-pump  coupling  failures 
Motor-generator  coupling  failures 
Pump  flow  setting  change 
Pump  seizure 

Motor  belt  drive  separation 
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5.  Mount i mj  failures: 

Tank  mounting  failure  1 

Rump  mounting  bolt  shear 

Motor  mounts  broken 

Legs,  brackets  broken 

Displacement  interference 

I 

6.  Electrical  failures: 

Switch  contact  chatter 
Relay  chatter 
Relay  trip 

Circuit  breaker  trip 
Lights  broken. 

| 

I 

t 

» 


92 


CITED  REFERENCES 


Anderson,  T.  W. , P.  J.  McCarthy,  and  J.  W.  Tukey,  Staircase  Methods  of 
Sensitivity  Testing,  NAVORD  Report  65-4b  (Navy  Department,  Bureau 
of  Ordnance  [NAVORD  |,  PI  March  1946). 

Arthur,  D.  F..  R.  C.  Murray,  and  F.  J.  Tokarz,  "Generation  of  Floor 

Response  Spectra  for  Mi\ed-Oxide  Fuel  Fabrication  Plants,"  Struc- 
tural Design  of  Nuclear  Plant  Facilities,  Volume  1-A  (8-10 
December  1975),  pp  94-108. 

Batchelder,  F.  E.,  et  al . , Hardness  Program  Plan  for  SAFEGUARD  Ground 
Faci lities , Volumes  1 and  HNDDSP-73-1 53-ED-R  (U. S.  Art  , orps  of 
Enqineers,  Huntsville  Division,  5 February  1974). 

Benda t.,  J.  S.  and  A.  G.  Piersol,  Random  Data:  Analysis  and  Measurement 
Procedures  (Wi ley- 1 nterscience,  1971"). 

Biggs,  J.  M.  and  J.  M.  Roesset,  "Seismic  Analysis  of  Equipment  Mounted 
on  a Massive  Structure,"  Seismic  Design  tor  Nuclear  Power  Plants, 

R J.  Hansen,  ed.  (Massachusetts  Institute  of  Technology  [MIT] 
Press,  1970),  pp  319-343. 

Bullfinch,  A.,  Improved  Methods  and  Techniques  for  Testing  Impact 
Sensitivity  of  Explosives,  Technical  Report  338?  (Picatinny 
Arsenal,  July  1956). 

Clough,  R.  N . and  J.  Penzien,  Dynamics  of  Structures  (McGraw-Hill  Book 
Co.,  Inc.,  1975). 

Crandall,  S.  H.  and  W.  D.  Mark,  Random  Variation  in  Mechanical  Systems 
(Academic  Press,  1963). 

Den  Ha r tog , J.  P.  , Mechanical  Vibrations  (McGraw-Hill  Book  Co.,  Inc., 
1956). 

Caspar ini,  D. , SIMQKE : A Program  for  Artifi t^ia 1 Motion  Generation, 
National  Science  Foundation  Grant  ATA  74-06935,  Internal  Study 
Report  No.  3 (Department  of  Civil  Engineering,  MIT,  January  ll,75). 

Hampton,  l.  D. . Fundamental  Statistical  Ideas  as  Related  to  Explosive 
Sensitivity  Tests,  NAVORD  Report  43 7 9 (U.S.  Naval  Ordnance  Labor 
atory,  14  September  1956). 


: ■ ■ ■ racl  foj  jualificatior 

• ■ • • ■ . ■ ■ ng  Stations,  IEEI 

(institute  of  Electrical  and  Electronics  Engineers  [IEEI  , 

Kapur,  K.  K.  and  L.  C.  Shao,  "Generation  of  Seismic  Floor  Res  onse 
tra  for  I nt  esign,  Specialty  ( on i erej  ci  t 

Desigt  for  Nu  - 1 i nt  ilities,  Volu lie  1 (17-1  ■ 

pp  . n. 

"Method  ot  Computing  Impact  Satt  Distance  for  MIL-STD-313,  Courn.  I v r 
the  Joint  Army  Navy  Air  Force  (JANAF)  Fuze  Committee,  Serial  No 
32  ( ANAf  . ept  :•:■■■ 

Newnark,  N.  V , "Earthquake  Response  Analysis  of  Reactor  St  >',ic t re^ . 
Nuclea*-  Engineering  and  Design,  Volume  20  (1972),  pi  .'03  • 

Newmark,  N.  M.  and  W.  J.  Hall,  "Earthquake  Resistant  Design  of  luclear 
Power  Plants,"  United  Nations  Educational,  Scientific  an.t 
Organization  (UNESCO)  Intergovernmental  Conference  on  Assessment 
and  Mitigation  of  Earthquake  Risk  (February  1976). 

New  ark,  N.  M. , et  a!.,  "Rest  i - ol  rwo-Degree-oi 

and  Inelastic  Systems,"  Design  Procedures  for  Shock  Isolation 
Sy  rf  Undergr  Protective  Structures,  Volu  e ..  DR  •. 

3096  (Research  and  hnol  ■ Division,  Air  Force  Weaj  1 
tory,  December  19"5). 

Newmark , N M. , •*  o . . h onse  Spec t ra  of  Single  . 

Elastic  and  Inelastic  Systems,"  Design  Procedures  tor  Sln\  \ Iso 
lation  Systems  of  Underground  Protective  Sfaic tares,  Vol  i;v  III, 
EDR-63-3096  (f  i and  Technology  Division,  Ai* 

Laboratory,  June  1964). 

P render  last , J.  D.  an  E.  f her.  Seismic  Stru 

Guidelines  tor'  Buildings,  Special  Report  M-206  ADA 
1 9/7)7 

Preparation  of  Test  Reports,  MlL-STD-831  (Headquarters,  lefense  S..pplv 
Agency,  Standardization  Division,  28  August  1963). 

Roberts,  C.  W.  and  G.  D.  Shipway,  "Seismic  Qualification-  Philosophy 
and  Methods,"  Journal  of  the  Power  Division,  ASCE  (January  1976'. 

Schmitz,  R.  and  G.  Cnan,  Evaluation  and  IJJustraJion  ot  .vaveto.n 
Synthesis  Techniques  ti'r  F ar_theLuake  Des  i gn_  and  Analysis  Arp!  i,v 
lion  (Sperry  Rand  Corporation.  January  la'l\ 

Skreiner,  K.  M. , et  al.,  "New  Seismic  Requirements  for  Class  1 t lev 
trical  Equipment,"  IEEE  Transactions,  Paper  T 74  048  S (IEEI  . 

14  November  1973). 


94 


Sonnenburrj , P.  N.,  Fragility  Data  Analysis  and  Testing  Guidelines 
Essential  Equipment  in  Critical  Facilities,  Special  Report  M- 
ADA038768  (U.  S.  Army  Construction  Engineering  Research  Lahore 
[CF.RL] , March  1977). 

Statistical  Analysis  for  aflew  Procedure  in  Sensitivity  Experiment 
AMP  Report  No.  101. 1R,  SRG-P  No.  40  "(Statistical  Research  Grc 
Princeton  University,  July  1944). 

S toe kda 1 e , W . K. , Seismic  Design  Methods  for  Military  Facilities- - 
Preliminary  Recommendations,  Interim  Report  M-134/ADA027384 
(CERL,  1T76T: 

Structural  Analysis  and  Design  of  Nuclear  Plant  Facilities,  Draft 
Use  and  Comment  (Committee  on  Nuclear  Structures  and  Material 
the  Structural  Division  of  the  American  Society  of  Civil  Engi 
[ASCE],  1976). 

Subsystems  Hardness  Assurance  Analysis,  HNDSP-73-1 61 -ED-R  (U.S.  Ai 
Corps  of  Engineers,  Huntsville  Division,  December  1974). 

Task  Report--Nonstructural  Facility  Systems,  R- 7338-331 1 (Agbabiar 
Associates,  April  1974). 


UNCITED  REFERENCES 


Biggs,  J.  M.  and  C.  G.  Duff,  "Generation  of  Seismic  Floor  Response 

1.  Spectra  for  Equipment  Design,"  Specialty  Conference  on  Struct 

Design  for  Nuclear  Plant  Facilities,  Volume  I (17-18  December 
1973)7  ~ 


I 


95 


, ' :m'-ikik  u.’N 


I fill  , 'll  M'll  t I 

M 


At*.,  I..*. 

S N 


,,t  lullK  • 
*,  . I 044i'  1 


| ii i j I II*VI  t fill 


♦ it  , ■ . t *'r\ 

M.  *,  t.  ‘ -m  • ♦ # 

\ i . * " Mi 

\ . A 

[ M U '<  ■ 

; •,  1'Ai  N W*  1 1 ■ ) 

N. I  t i ,m  I • * • • ' ' ' < ' 

<•««.«  '«  »'  * ' * 

, , . „ ,hmi  • • i » 

, ‘t,  l in  * 1 i|..«ir.r«l 



v,  t»  , VA  . , «'M> 


, Ai  *s 

1|Ar 


. \ f I"*1 

n \m  s ■ M 
I l tl,*lvt»  i*  . V A • 

AMN  : J “-'Mr 

AI1N  A T sl  II'  'I  I ’ 

AMN  N t*i  • m I'li’  : , t 'b*M»  v 

AMS  f l*»A 

l,S  A»  , »..•*  K.i  *•  ’•  ' * 

AM  i,  M»  u K'l  t \ , \ A . i,vW' 

A!  IN  I Al»  l v.l  OHi,  '1 


A ki 

A t ' S « on* 
,VTN  i »'*«*. 


,\  . • ««  i 


,i,  i-  l tUI’»’»  l ' ' t ' •»  * 

l ull  A'  »M  •< 

\'  tN  * 


V » ' “ 

AMN  I’M'*’. 

t if  tsh.i* '!»' 

AMN  i tl'»  v 
A“N  trur*. 
t Ml  » •«  ‘ i**'  '•» 

A ’N  t •»  ’ " 
N * ’ % -»tr» 


r.  • t jit 


l Affiiy  I in  | lllft  ’ I't  vfl  ti  l 

Mil  it* ft  • 

A'  ’S  l ' l>t  »•  i 
A t ' n i hie'  v 

S'  » U 

AMN  ibMM 

A ' S . . \Ai  I S i 

Muni  ii»ijti*w 

AMS  l 'I 

AMN  Mm  * . ',J"I  1* 


»>  l.i  '<•  i'  • 

A s • . • . *W»  N 

I h,o  I .■  ■ 

AMN  » ' " * . " 

• IV  IMtl.l' 

AMN  I *'  * 

A»  ' N l h lr  • ' i 

, k M. 

AMN  I »l"  ■*•  ‘ 

MS  . " < •' 

At  S l'»  • « i"  **’  1 ' 

*».  i . l , 

AMS  t 'I  • *•  t 

\>  ' N -t.M  AMI  N ' 

Si  t'i  1 Mi' 

AMS  OMNI  r 

M,  ,.f.  . 

It'S  * • . .MM' 

VI « * 'I’ll'  •! 

AMS  i ' ««’*  . 

I > '•!  ’ ' * * 

AMN  » Mr*  . I '"I*  l'»v 
i V t • 0 I l 

AMN  I'M  " v 
AMN  . *'"•»  . NM  1 l'  1 
st  r.iul 

AMN  C N » «•  l . 1 0 l' 

.hi,  .vjit 

A N M",-t  . N“  f f*  ' 
k,  , i ; ' »i'ii 

A ' ' N .»!*••*.  Si  Mi  I 

V • S 'ii*.  » t*»|i  v 
St  l i>»i " 

AMS  'MV. 

,\>  t \ Mi'»  . Il'P 

I , . li 

V ' S - . • * A • i ' 

\MS  i •» ti  t . l ti  |*  ■' 1 v 

m^it 

\M>  I till  M • "III  t'iv 

„ * 1 III 

\!  ' S lift 

\ \ I *1 1 1 • . ' 

I till  M . i 

AMS  Min'.  M . ' 1 1 v 

•.,1  i 

At  IN  t . ' "■ ‘M 
AMN  I M it  \ 
l in  t M«tt  M' 

\ S l 'M  " ' 

\<  • S i in i » . ‘'MM  tM 
Utltl'Ntl'" 

AMN  t *'  if  ' . SMi.A’i  i 
AMS  » Mr*  . Mi.!  0 
•\'|Ml«|Uft  Hu** 

AMN  ItMi’i 
AMN  » Mtf*  . I i'.ii  I'M 
l os  Anijrlpv 

AMN  I 'M  »*  V 
At  tN  ( Nt«*»  . M*l  H’  I 
.,tn  » t if»'i  ’ *"  '* 

A ’ * N O'1'1,  1 " I'  l’’v 

• .Ii  • 4W*»ttl» 

AMN  l Ml'*  . '“NIP  t’ 

» « • I ANt 

AMN  lM»',  I ti.jt 


,’.ii  ,t" 

At  tN 

t’l'l  t l.l«il 
AMN 
A'  IN 

~ -cuU  li*. 

AM  N 
AMN 


t tin  .»•  t 
. Me*  . l M*  * 


l I'ti'l 
, Mi  ♦ . I S 'M»  S' 


M l l 1 .t  M «’  1 « 

A*  *N  t *l*»  .»•  i 

AMN  • 

AUs 


v s 


i 'bi  »• 


Aii-,  I ii'Ji"'  «*•  !'•  “ ' •'** 

V"  ih  At  ' i f 1 

" 

A'  'N  i hi i M NAM  \ 

M,  . • f I I t 

\”S 

slH1tn  At  i *"i  it 

,>|!S  i *'!•  * Ait  S 

AMN  t ll‘*  i 

Muni  n'll* 

\ I IN  l tilt  ill  > 

.MS  ' " '* 

• M , ' V 

A S '• 

» t*i  i . • M t v i t 

AMN  l >1-  ” » 

AMN  l H * ' " • ' 

N.-i  t ' * 1 ' ' 

> 'S  ’ ' * • 

A ' S 1 1 

AMS  l 'It  " v ' 

\ i S | ■ . • M 

, t ''Ml  I ft  • 

\ 

AIN  M«  ■ • 

, . | S 1 ti  i * • 

At  IN  « *"f  * 1 • 1 

AMN  Mt  1 1 ' 1 

.At  IN  ' M\  1 * 1 
A'  ' s t htrl  . ' V 
S . M i i " ' 

A ' ’ S • 

I «tt  i'M 

A 1 1 N . ' • » ' 

Sim  l",i'.nM 

At  'N  i tin  v i 

At  It,  i ltt(»t  . S'  ’’ 


A' t n v*;, 

UfuUl  I A»  . M ' *»  ' 1 


A'  M 

• i A'  S*' 

Si,  ' t • * ' 

' .'‘t. 

SAM  A '•  M 

At,  , t"  • ' • V ' 

I . | 1 , I.-  I , I A mi 

V S - 1"  I'  i 

Ml  *" 

A'  S ' • - 1 

AS  • • ''M 

A*  IS  • v * » ' • 

A S 


, S I , " * i s*  ' .fit,' 


A ' S 


inter  t a for  essent  14 1 cijui|<nrn(  in 
0 I'rvrvle  roast  l h.impa  I <)n  . || 

, ‘»pr  imjf  ir  lil , vA  available  from 


Sonnerifnir  •) , 1 >lui  N 

l»**v.*  1 .>,•••.>  t .I'uf  ,»f  sfisnH  hovk  ti  ,i 

< r 1 1 1«  a I f ai  1 1 1 ( 1 1 ‘ bv  b . N . Sonnonburij , .1 
l imis  f » u<  t 1 on  I ruji  noer  1 in)  Ko seari  h t at«)i  at.  t y 
Nils.  I1M. 

^ P • *11  • cm.  (Technical  report  , M *'3f») 

I.  laeltHiiMl.  ■.  I tiuilrimq.  .•  Hui  Id  inqs etei  tr  1.  equi|».>-nt  tnllnq 

’•  testing.  I.  IVe.Klergast,  .t.tnrs  U.  II  title. 

^ , ’ s,"*‘s  1 1'"' ti  ill  turn  I mn  nee  1 mq  Research  laboratory.  technical  retimt, 


DEPAI 


CONSTRUCTION  ENGINEERING  RESEARCH  LAB  (ARMY)  CHAMPAI— ETC  F/6  19/2 
DEVELOPMENT  AND  USE  OP  SEISMIC  SHOCK  TEST  CRITERIA  FOR  ESSENTIA— ETC (U) 
APR  79  P N SONNENBURG*  J D PRENDERGAST 
UNCLASSIFIED  CERL-TR-M-236  NL 


JM 


END 

DATE 

FILMED 

7-80 

OTIC 


INFORMATION 


/£>'  hoL  9 


CERL  Technical  Report  M-236,  "Development  and  Use  of  Seismic  Shock  Test 
Criteria  for  Essential  Equipment  in  Critical  Facilities,"  April  1979 


1.  Page  31  - Add  the  following  sentence  at  the  end  of  the  definition  of  Floor 
Response  Spectrum:  That  is,  an  equipment  response  spectrum  is  referred  to 
synonymously  with  a floor  response  spectrum,  while  a building  response 
spectrum  is  referred  to  synonymously  with  a ground  response  spectrum. 


2.  Page  51  - Delete  reason  4,  and  change  reason  5 to  reason  4. 


3.  Page  51  - 59  - Note  that  the  expression  "equipment  response  spectrum"  is 
used  synonymously  with  "floor  response  spectrum." 

4.  Page  53  - Delete  existing  Step  6 and  replace  with  the  following: 

Step  6.  Compute  the  ordinates  of  the  equipment  response  spectrum  at 
each  of  the  building's  natural  frequencies  from  the  relationship 

z . = K.aj  [Cq  24] 

where  z-  = equipment  response  spectrum  ordinate  for  any  floor  level  of  the 
J 

jth  mode 

K.  = amplification  factor  for  jth  mode  from  Step  5 

sJ 

a-  = response  spectrum  acceleration  level  at  the  jth  mode  frequency. 

J 

Note  that  z.  is  not  given  as  a function  of  floor  level.  This  is  because 
J 3 

calculations  have  shown  that  Z:  has  approximately  the  same  value  for  any 

J 

floor  of  interest. 

5.  Page  58  and  59  - Delete  existing  Step  6 and  replace  with  the  following: 

Step  6.  K.  and  ai  were  determined  in  Step  4 and  Step  5,  respectively. 
The  floor  response  spectrum  ordinates  are  determined  using  Equation  24: 

Z]  = (7.21 ) (0.82)  = 5.91  g 
z2  = (3.90) (0.82)  = 3.20  g 
z3  = (2 .48) (0. 76)  - 1.88  g 

6.  Please  replace  Figure  14  with  the  attached. 
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FREQUENCY,  c #*. 

Figure  14.  Equipment  response  spectrum.  SI  conversion 
factor:  1 in.  = 25.4  mm. 


